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FOREWORD 

This  report  describes  work  accomplished  under  Contract  AF33(657)  11461, 

Exhibit  "B",  entitled,  "Thick  Section  Fracture  Toughness.'*  This  program  was 
performed  as  a  joint  venture  of  The  Boeing  Comapny  and  North  American 
Aviation,  Incorporated. 

Mr.  D.  L.  Posner  of  North  American  Aviation  was  program  manager,  and  Mr. 

L.  T.  Goodmanson  of  Boeing  was  assistant  program  manager.  The  Boeing 
Company  had  prime  responsibility  for  work  accomplished  under  Exhibit  "B". 
Technical  direction  of  the  program  was  carried  out  by  Mr.  D.  R.  Donaldson  of 
TheBoeing  Company  and  Mr.  J.  W.  Ellis  of  North  American  Aviation.  Mr. 

D.  F.  Bulloch  of  Boeing  was  principal  project  leader  and  Mr.  R.  R.  Ferguson 
of  North  American  Aviation  was  assistant  project  leader. 

Significant  contributions  to  this  project  were  made  by  the  following  personnel  at 
Boeing:  Mrs.  S.  Clarke,  Structures  Laboratory,  Mr.  W.  Larson,  Structures 
Laboratory,  Mr.  E.  Schwenk,  Structures  Laboratory,  Mr.  J.  C.  McMillan, 
Metals  Technology,  Mr.  W.  Spurr,  Structures  Research,  Mr.  S.  H.  Smith,  Fail- 
Safe  Group.  Significant  contributions  to  this  project  were  made  by  the  following 
personnel  at  North  American  Aviation:  Mr.  T.  Tanaka,  Structures  Laboratory, 
Mr.  J.  Warren,  Structures  Laboratory. 

This  program,  Project  No.  648D,  was  administered  under  the  direction  of  the 
Air  Force  Materials  Laboratory,  Research  and  Technology,  by  Mr.  C.  L. 
Harmsworth,  Project  Engineer.  The  contract  time  period  covered  by  thic 
final  summary  report  is  July  1,  1963  to  June  30,  1964. 
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ABSTRACT 


The  purpose  of  this  program  was  to  evaluate  plane  stress  and  plane  strain  frac¬ 
ture  toughness  for  eight  alloys  suitable  for  thick  section  application  on  the  super¬ 
sonic  transport. 

A  preliminary  heat  treat  study  was  conducted  using  precracked  Charpy  specimens 
to  determine  a  relative  optimum  toughness  condition  for  each  alloy.  Data  is 
presented  for  several  exploratory  heat  treatments  for  each  alloy. 

Plane  stress  and  plane  strain  critical  stress  intensity  values  are  presented  for 
three  thicknesses  of  center  notched  specimens  at  four  temperatures  from  -110#F 
to  650°F.  Plane  strain  values  were  obtained  from  discontinuous  cracking,  "pop- 
in,  "  indications.  Plane  strain  values  were  also  obtained  from  round  notched 
tensile  specimens  and  surface  cracked  specimens.  Data  were  obtained  from 
specimens,  of  three  different  grain  directions,  which  were  cut  from  large  forged 
blocks. 

The  effect  of  service  conditions  was  investigated  on  four  of  the  most  promising 
alloys  (9  Ni-4Co,  Maraging  250,  Inco  718  and  Ti  6A1-4V).  Data  is  presented  for 
round  notched  specimens  subjected  to  1000  hour  exposure  at  high  temperature, 
sustained  loading  in  distilled  water  and  high  load  rate  fracture  testing. 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


D.  A.  Shinn 

Chief,  Materials  Information  Branch 
Materials  Application  Division 
AF  Materials  Laboratory 
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SECTION  1  INTRODUCTION 


In  aircraft  structural  design  and  analysis,  and  the  selection  of  a  structural 
material  for  a  specific  structural  application,  one  of  the  primary  material  mech¬ 
anical  properties  considered  is  fracture  toughness.  The  fracture  toughness 
property  of  a  structural  material  is  a  measure ‘of  material  resistance  to  brittle 
fracture.  In  addition,  the  material  property  allows  a  means  of  predicting  the 
unstable  flaw  or  crack  length  of  a  structure  at  a  maximum  operating  stress  level. 

According  to  the  "fail-safe"  design  philosophy,  cracks  that  are  present  or  occur 
in  an  aircraft  structure  must  be  contained  within  the  structure  without  danger  of 
catastrophic  failure.  In  the  case  of  thick-section  structure,  the  major  problem 
is  the  presence  or  occurrence  of  embedded  or  surface  type  flaws  or  cracks. 

The  growth  of  flaws  of  this  type,  either  by  sustained  or  fatigue  loading,  will 
occur  in  one  of  the  following  manners.  First,  the  structural  operating  load 
level  may  be  such  that  flaw  growth  and  final  instability  will  occur  while  the  flaw 
remains  in  the  embedded  or  surface  flaw  geometrical  shape.  This  type  of  flaw 
produces  a  plane  strain  fracture  mode.  Secondly,  the  flaw  growth  may  be  such 
that  the  flaw  becomes  a  through-the-thickness  type  of  crack  with  final  instability 
occurring  in  this  state.  This  type  of  flaw  or  crack  results  in  either  the  plane 
strain  or  plane  stress  fracture  mode  or  a  combination  depending  on  structural 
geometry,  operating  load  level,  and  material  ductility. 

The  concept  of  the  supersonic  commercial  transport  will  impose  new  require¬ 
ments  on  the  fail-safe  capability  of  airframe  materials.  Higher  speeds,  alti¬ 
tudes,  and  load  carrying  capabilities  oi  a  successful  transport  will  make  it 
increasingly  difficult  to  contain  cracks  within  the  structure  without  sufficient 
material  fracture  toughness.  New  structural  alloys  have  been  developed  in 
recent  years  with  greatly  increased  resistance  to  the  growth  of  embedded  flaws. 
The  present  problem  then  is  the  selection  of  those  alloys  most  suited  for  this 
application  and  the  determination  of  their  fracture  toughness  in  both  the  plane 
stress  and  plane  strain  states. 

With  these  considerations  in  mind,  the  FAA  funded  a  program  to  determine 
the  fracture  toughness  of  eight  alloys  suitable  for  thick  section  application  on 
the  supersonic  transport.  The  fracture  properties  were  to  be  investigated  over 
the  service  temperature  range  and  under  the  various  service  conditions. 

The  eight  alloys  selected  for  investigation  were: 

•  4340 

•  9  Ni-4Co 

•  AM  355 

•  Maraging  250 

•  Inco  718 

•  Ti  6A1-4V ' 

•  Ti  6Al-6V-2Sn 

•  PH  13-8Mo 


Manuscript  was  released  by  author  October,  1964  for  publication  as  a  RTD 
Technical  Documentary  Report. 
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To  ensure  testing  each  of  the  alloys  in  the  optimum  toughness  condition,  a  heat 
treat  study  using  precracked  Charpy  specimens  preceded  the  main  program. 

Plane  stress  and  plane  strain  fracture  toughness  was  determined  on  the  eight 
alloys  by  means  of  fatigue-cracked  center  notched,  round  notched,  and  surface 
cracked  specimens  fabricated  from  large  forged  blocks. 

Service  conditions  were  simulated  on  notched  rounds  by  sustained  load  in  dis¬ 
tilled  water,  exposure  to  stress  and  temperature,  and  high  load  rate  testing. 

This  one-year  program  under  the  administrative  direction  of  the  Air  Force  and 
with  the  technical  assistance  of  NASA  has  extended  from  July  1,  1963  to  June  30, 
1964. 
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SECTION  2  SUMMARY 

The  purpose  of  this  program  was  to  evaluate  the  plane  stress  and  plane  strain 
fracture  toughness  characteristics  of  eight  forging  alloys  suitable  for  thick  sec¬ 
tion  application  on  the  supersonic  transport. 

Fracture  test  specimens  were  fabricated  from  9  x  9  x  24-inch  forged  blocks  for 
the  steel  alloys  and  3  x  9  x  24-inch  forged  blocks  for  titanium.  Three  steel 
alloys  in  forged  down  3  x  9-inch  cross  sections  were  also  tested. 

A  heat  treat  study  using  precracked  Charpy  specimens  and  tensile  specimens 
was  conducted  to  ensure  that  the  main  fracture  toughness  program  was  per¬ 
formed  on  each  alloy  in  an  optimum  strength-toughness  condition.  The  optimum 
heat  treatment  determined  from  this  study  for  each  alloy,  is  listed  below  with 
the  room  temperature  strength  and  precracked  Charpy  toughness. 


Alloy 

Ultimate 
Strength,  ksi 

Yield 

Strength,  ksi 

W 

Toughness,  ~r 
in-lbs/in^ 

Heat 

Treatment 

4340 

217.1 

202.2 

811 

Austenitized  at 
1525°F,  salt 
quenched  at  37  5°  F, 
and  double  tem¬ 
pered  at  800°F. 

9Ni-4Co 

212.8 

204.7 

2273 

Austenitized  at 
1450°F,  salt 
quenched  at  450°F, 
and  double  tem¬ 
pered  at  700°F. 

AM355 

210.8 

161.1 

589 

Solution  annealed 

at  1925°F,  oil 
quenched  and  sub¬ 
cooled  to  -100°F. 
Condition  tempered 
at  850°F,  oil 
quenched  and  sub¬ 
cooled  to  -100°F. 
Tempered  at  850°F. 


« 

Mar  aging 
250 

239.0 

216.5 

738 

CaIhHo"  nwwrtnl  /n/4  of 
uUHlUv/ii  cib 

1700°F,  air  cooled 
and  aged  at  1050°F. 

;  * 

1 

( 

t 

Inco  718 

185.3 

154.5 

1835 

Solution  annealed  at 
1975°F,  and  air 
cooled.  Aged  at 
1400°F  for  10  hours 
and  furnace  cooled 
20°F/hr  to  1200°F. 

1 

s 

i 

Ti  6A1-4V 

165.4 

152.2 

535 

Solution  annealed  at 
1650°F,  water 

quenched  and  aged 
at  1100°F. 
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Alloy  „  UUi7atS  . 

Strength,  ksi 

Yield 

Strength,  ksi 

Toughness, 

in-lbs/in^ 

W  t  T 

T  Heat 

Treatment 

Ti  6A1-6V 
-2Sn  - 
Annealed 

151.8 

142.5 

314 

Annealed  at  1300°F 
for  2  hr  s,  and  air 
cooled. 

Ti  6A1-6V 
-2Sn  -  STA 

176 

168.5 

216 

Solution  annealed 
atl575°F,  water 
quenched  and  aged 
at  1200°F. 

PH  13-8Mo 

207.1 

195.4 

827 

Solution  annealed  at 
1700°F,  air  cooled 
to  below  60°F  and 
aged  at  1025°  F. 

Plane  stress,  K^-,  values  were  determined  on  three  thicknesses  of  material 
(3/16",  3/8"  and  1")  utilizing  center  notched  panels.  Testing  was  accomplished 
over  the  service  range  for  the  supersonic  transport,  -110°F  to  650°F.  Re¬ 
values  as  derived  from  the  center  notched  specimens  increased  with  test  tem¬ 
perature  and  decreased  as  panel  thickness  increased  for  every  alloy.  In  many 
cases,  particularly  at  elevated  temperature,  these  characteristics  were 
obscured  by  the  depressing  of  the  Kc  values  caused  by  net  stresses  above  0.  8 
of  the  yield  strength.  A  summary  of  Kc  values  is  shown  in  Figs.  179  and  180 
for  the  3/8-inch  and  1-inch  thick  center  notched  panels.  Data  for  only  the  most 
critical  testing  temperature  of  -110°F  is  plotted. 

Plane  strain,  K^,  values  were  also  determined  on  the  center  notched  speci¬ 
mens  from  discontinuous  cracking  (pop-in)  indications  on  load-displacement 
curves  and  accelerometer  recordings.  Plane  strain  fracture  toughness  was 
also  determined  from  fatigue-cracked  notched  round  specimens  tested  in  two 
sizes  and  three  forging  directions.  These  specimens  were  tested  over  the 
same  temperature  range.  A  comparison  of  the  notched  round  specimen  K^q 
values,  normalized  by  density  is  shown  in  Fig.  181  for  the  most  critical 
testing  conditions;  transverse  and  -110°F.  Plane  strain  critical  stress  inten¬ 
sity  values  from  these  specimens  were  compared  with  those  determined  from 
the  center  notched  specimen  pop-in  indications.  The  correlation  was  only  fair 
in  some  and  poor  in  others.  It  was  considered  that  in  general  the  alloys  had 
too  high  a  fracture  toughness  to  yield  satisfactory  pop-in  data. 

The  relationship  between  theoretical  and  experimentally  determined  fracture 
stresses  for  surface  cracked  specimens  was  determined  using  the  values 
from  the  notched  round  specimens.  Theoretically  predicted  fracture  stresses 
were  based  on  ratios  of  fracture  stress  to  yield  stress  of  0.  8  to  1.0.  Theo¬ 
retically  determined  fracture  stresses  ranged  from  28  percent  above  to  39 
percent  below  the  experimental  results.  The  relationship  between  the  pre¬ 
dicted  and  actual  stresses  was  a  function  of  alloy  toughness  level.  The  results 
indicated  the  critical  stress  intensity  equation  for  surface  cracks  was  only 
valid  for  gross  area  stresses  up  to  about  90  percent  of  the  yield  strength. 


The  rating  order  of  Kq  and  K^q  values  for  the  alloys  varied  considerably 
over  the  temperature  range  from  -H0°F  to  650°F  for  various  thicknesses 
of  center  notched  panels  and  for  the  notched  round  specimens.  However,  four 
of  the  alloys;  9Ni-4Co,  Maraging  250,  Inco  718  and  Ti  6A1-4V  (not  in  order  of 
preference)  were  concluded  to  be  the  most  promising  for  further  study.  Although 
Ti  6Al-6V-2Sn  was  not  selected  for  further  study,  the  fracture  toughness  of  this 
alloy  in  the  annealed  condition  was  rated  very  closely  to  the  first  four  alloys. 

The  following  tests  were  conducted  on  the  four  most  promising  alloys  to  deter¬ 
mine  the  effect  of  simulated  service  conditions  on  the  Kjq  values. 

1)  1000  hour  exposure  to  stress  and  temperature. 

2)  Sustained  loading  in  distilled  water  at  room  temperature  and  200°F. 

5  6 

3)  High  load  rate  testing  at  10  and  10  psi/sec. 

Exposure  testing  of  notched  round  specimens  for  1000  hours  at  650°F  under  stress 
revealed  significant  instability  in  only  the  Maraging  250.  Kic  values  were  de¬ 
creased  an  average  of  16  percent  for  the  Maraging  250  and  increased  6  percent 
for  the  Inco  718  when  stressed  to  40  ksi.  The  Ti  6A1-4V  specimens  stressed  to 
25  ksi  were  increased  only  an  average  of  5  percent  of 

The  9Ni-4Co  was  exposed  at  the  lower  temperature  of  400°F  and  at  a  stress  level 
of  40  ksi  which  caused  an  average  increase  of  less  than  one  percent  in  Kic  values. 

Environmental  testing  of  transverse  notched  round  specimens  in  distilled  water 
at  room  temperature  and  200°F  caused  delayed  fracture  to  occur  in  each  of  the 
four  most  promising  alloys  within  100  hours.  Sustained  loading  in  room  tem¬ 
perature  distilled  water  caused  delayed  fracture  stress  intensity  values  as  low 
as  78  percent  of  K^q  for  9Ni-4Co,  65  percent  for  Maraging  250,  78  percent  for 
Inco  718  and  82  percent  for  Ti  6A1-4V. 

Raising  the  distilled  water  temperature  to  200°F  lowered  the  delayed  fracture 
stress  intensity  values  to  48  percent  of  Kiq  for  9Ni-4Co,  48  percent  for 
Maraging  250,  77  percent  for  Inco  718  and  62  percent  for  Ti  6A1-4V. 

Increasing  the  rate  of  loading  from  2. 5  x  10^  psi/sec  to  106  psi/sec  for  notched 
round  specimens  tested  at  room  temperature,  increased  the  room  temperature 
Kiq  values  for  9Ni-4Co  19  percent,  decreased  the  Maraging  250  values  2  per¬ 
cent,  increased  the  Inco  718  values  11  percent,  and  increased  the  Ti  6A1-4V 
values  20  percent. 


SECTION  3  PROGRAM  OUTLINE 
MATERIAL  SELECTION 

Eight  forging  alloys  which  appeared  promising  for  supersonic  transport  applica¬ 
tion  were  selected  for  this  program.  They  represent  several  alloy  systems 
which  possess  characteristics  desirable  for  severe  design  requirements.  These 
alloys  are: 

1)  4340 

2)  9  Ni-4Co-.  45C 

3)  AM  355 

4)  Maraging  250 

5)  Inco  718 

6)  Ti  6A1-4V 

7)  Ti  6Al-6V-2Sn 

8)  PH  13-8Mo 

The  steel  alloys  were  forged  to  9  x  9  x  24-inch  blocks  in  order  to  obtai  i  speci¬ 
mens  in  both  the  longitudinal  and  transverse  direction.  It  was  felt  that  this  size 
would  result  in  excessively  low  properties  for  the  titanium  alloys  so  these  alloys 
were  forged  to  3  x  9  x  24-inch. 

To  investigate  the  effect  of  forging  reduction,  4340,  AM  355,  and  Maraging  250 
blocks  were  forged  down  to  3  x  9-inch  cross  sections.  These  blocks  were  tested 
only  in  the  short  transverse  direction. 

HEAT  TREAT  STUDY 

At  the  time  the  program  was  planned,  there  was  comparatively  little  plane  strain 
fracture  toughness  data  available  for  most  of  the  selected  alloys.  It  was,  there¬ 
fore,  not  known  if  the  vendor  recommended  heat  treatment  would  result  in  a 
suitably  tough  condition.  Heat  treat  sequences  have  generally  been  developed  on 
the  basis  of  tensile  strength  and  ductility.  Since  ductility  is  not  necessarily  a 
good  indication  of  fracture  toughness,  a  systematic  investigation  of  comparative 
toughness  values  for  several  likely  heat  treatments  for  each  alloy  was  considered 
necessary.  In  addition,  chemistry  variations  within  heats  of  the  same  alloy 
can  result  in  toughness  variations.  Therefore,  the  correct  heat  treatment  for 
the  particular  heat  obtained  for  the  program  had  to  be  determined. 

Because  of  the  large  amount  of  testing  required,  precracked  Charpy  specimens 
were  selected  for  this  phase  of  the  program.  Several  investigators  (Refs.  1 
and  2)  have  reported  a  satisfactory  correlation  between  fracture  energy  per  unit 
W 

area,  ,  and  the  strain  energy  release  rate  G,  as  determined  from  center 

notched  panels.  It  was,  therefore,  considered  that  these  specimens  would  pro¬ 
vide  a  preliminary  toughness  review  of  each  alloy. 

It  was  considered  that  at  least  three  trial  heat  treatments  for  each  of  the  eight 
alloys  would  be  necessary.  It  was  also  necessary  to  investigate  the  results  of 
each  heat  treatment  at  each  of  the  proposed  testing  temperatures  (~110°F,  room 
temperature,  400°F  and  650°F). 
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The  heat  treatments  selected  as  resulting  in  the  best  compromise  of  strength 
and  toughness  for  the  particular  alloy  and  heat  were  then  used  in  the  remainder 
of  the  program,  as  shown  in  Fig.  1. 

CENTER  NOTCHED  PANEL  TESTING 

Center  notched  panels  were  fabricated  from  the  forged  blocks  to  provide  both 
plane  stress  and  plane  strain  fracture  toughness  data.  Three  panel  thicknesses, 
3/16,  3/8  and  1  inch  thick,  wrve  tested  to  determine  the  variation  of  plane 
stress  fracture  toughness  with  thickness.  It  was  anticipa.od  that  the  transition 
from  plane  stress  to  plane  strain  would  occur  in  each  alloy  before  the  specimen 
thickness  increased  to  one  inch. 

During  testing  the  panels  were  instrumented  to  detect  discontinuous  cracking. 
The  load  occurring  during  pop-in  was  then  used  to  determine  plane  strain  frac¬ 
ture  toughness.  Plane  strain  fracture  toughness,  K^c»  obtained  in  this  way  was 
to  be  compared  to  the  K^q  values  obtained  from  the  notched  round  and  surface 
cracked  specimens. 

Specimens  were  tested  at  -110°F,  room  temperature,  400°F  and  650°F  to  deter¬ 
mine  the  variation  of  both  plane  strain  and  plane  stress  fracture  toughness  with 
temperature.  Because  of  the  size  of  the  specimens  testing  was  replicated  at 
room  temperature  only. 

It  was  desired  to  investigate  the  change  in  toughness  with  grain  direction.  How¬ 
ever,  because  of  the  limitation  of  forged  block  size,  only  the  3 /16-inch  thick 
specimens  could  be  tested  in  both  the  longitudinal  and  transverse  direction. 

NOTCHED  ROUND  SPECIMENS 

Plane  strain  fracture  toughness  was  also  determined  by  the  use  of  fatigue- 
cracked  notched  tensile  specimens  in  two  sizes.  The  first  set  of  specimens 
tested  were  made  3  inches  long  by  1-1/8  inches  in  diameter  to  allow  testing  of 
each  of  the  grain  directions  of  the  forged  blocks. 

Specimens  were  fracture  tested  at  -110°F,  room  temperature,  400°F  and  650°F. 
Because  of  the  number  of  variables  it  was  originally  planned  to  have  duplicate 
testing  only  at  -110oF  and  650°F.  After  original  testing  indicated  excessively 
high  net  section  stresses  at  650°F  duplicate  testing  was  changed  to  -110°F  and 
room  temperature. 

After  testing  was  completed  on  the  1-1/8  inch  diameter  specimens,  2-3/4  inch 
diameter  specimens  were  fabricated  and  retesting  of  conditions  which  resulted 
in  net  section  stress  to  yield  stress  ratios  above  1.1  was  accomplished. 
Fracture  tests  at  650°F  were  not  retested  because  of  the  excessively  high  net 
section  stresses  and  the  relatively  lower  importance  of  this  temperature  to  SST 
application. 
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HEAT  TREAT  STUDY 
8  ALLOYS 


Exploratory  heat  treatments  on  each  alloy 
to  determine  optimum  strength-toughness 
condition 


SELECT  OPTIMUM 
HEAT  TREAT  FOR 
EACH  ALLOY 


CENTER  NOTCHED 
PANELS 


1.  Determine  K^.  for  3 
thicknesses  and  4 


temperatures. 


Determine  from 
‘pop-in’  measurements. 


ROUND  NOTCHED 
SPECIMENS 


Determine  for  4 
temperatures  and  3 


grain  directions. 


CRITICAL  SURFACE 
CRACK  DETERMINATION 


Determine  relationship 
between  theoretically  and 
experimentally  determined 
fracture  stresses  for  surface 
cracked  specimens  as  crock 
dimensions  change  to  cause 

fracture  stress  =  p  „ 

yield  strength 


EXPOSURE 


SPECIMENS 


Determine  effect  of 
1000  hour  exposure 
both  with  and  without 
stress  at  400°  f  and 
650°  f.  Precracked 
Charpy  specimens 
used  for  this  screening 
phase  of  exposure 
testing. 


SELECT  4  MOST 
PROMISING  ALLOYS 


HIGH  LOAD  RATE  TESTING 


ENVIRONMENTAL  TESTING 


EXPOSURE  TESTING 


Determine  effect  of  10  , 

106  psi/sec  strain  rate 
on  round  notched  K.- 
values  at  4  temperatures. 


Determine  effect  of 
sustained  load  in 
distill ed  water  at 
RT  and  200°  f  on 
round  notched  K.- 
values. 


Determine  effect  of 
worst  exposure 
conditions  from 
screening  exposure 
test  on  round  K .  — 


FIG.  1  PROGRAM  FLOW  CHART 
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CRITICAL  SURFACE  CRACK  DETERMINATION 

It  was  also  the  objective  of  the  program  to  determine  the  relationship  of  plane 
strain  fracture  toughness  obtained  from  both  notched  round  and  surface  cracked 
specimens.  Assuming  that  K^q  was  a  material  constant,  the  values  from 
the  notched  round  specimens  were  used  to  calculate  critical  crack  sizes  on 
surface  cracked  specimens  which  result  in  fracture  stress  to  yield  stress  ratios 
of  .  8,  .9  and  1.0.  The  predicted  values  for  the  surface  crack  specimen  fracture 
stress  were  then  compared  with  experimental  results. 

Specimens  were  all  fabricated  from  the  longitudinal  grain  direction.  Fracture 
testing  was  accomplished  at  room  temperature  except  for  AM  355  and  PH  13- 
8Mo  which  were  tested  at  -110°F.  The  Inco  718  was  not  included  in  this  test 
because  of  its  very  high  toughness. 

STRESS  AND  TEMPERATURE  EXPOSURE  TESTING 

To  simulate  aircraft  service  experience,  material  from  all  eight  alloys  was 
exposed  for  1000  hours  at  400°F  and  650°F,  in  creep  ovens.  The  titanium  alloys 
were  subjected  to  a  stress  of  25,000  psi  and  the  remaining  alloys  to  40,  000  psi 
as  recommended  by  the  NASA  Supersonic  Transport  Materials  Committee. 
Material  was  also  exposed  to  the  same  temperatures  without  stress  to  assess 
the  effect  of  stress  on  stability. 

Precracked  Charpy  specimens  were  fabricated  from  the  exposed  material  and 
impact  tested  at  -110°F,  room  temperature,  400°F  and  650°F.  This  preliminary 
phase  was  intended  to  indicate  any  serious  instability  and  to  aid  in  selection  of 
the  fcur  most  promising  alloys. 

A  more  quantitative  phase,  using  x-1/8  inch  notched  round  exposure  specimens, 
was  then  performed  on  the  four  most  promising  alloys.  The  specimens  were 
exposed  to  the  more  severe  temperature  and  stress  conditions  as  determined 
from  the  preliminary  tests. 

Specimens  were  tested  only  in  the  transverse  grain  direction  and  at  -110°  F, 
room  temperature,  400°  F,  and  650°  F.  Test  procedure  was  identical  to  that  in 
section  6  and  therefore,  exposed  and  unexposed  results  could  be  compared. 

HIGH  LOAD  RATE  TESTING 

Notched  round  specimens  in  this  program  were  all  loaded  to  failure  at  a  rate  of 
2.5  x  10^  psi/sec.  Since  some  alloys  are  known  to  be  sensitive  to  changes  in 
rate  of  loading,  specimens  of  the  four  most  promising  alloys  were  subjected  to 
a  series  of  tests  at  high  load  rates.  Notched  round  specimens  identical  to  the 
specimens  in  section  6  were  fracture  tested  at  rates  of  105  and  106  psi/sec. 

Test  procedure  was  also  the  same,  except  for  the  load  rate,  so  that  the  data 
could  be  directly  compared. 

Specimens  were  tested  only  in  the  transverse  grain  direction  and  at  -110°  F, 
room  temperature,  400°  F,  and  650°  F. 
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ENVIRONMENTAL  TESTING 


Fatigue  cracked  1-1/8  inch  notched  round  specimens  from  the  four  most  promis¬ 
ing  alloys  were  also  exposed  to  the  effects  of  distilled  water  under  sustained 
loading.  Specimens  were  exposed  at  various  percentages  of  their  Kr q  values 
(determined  in  section  8)  to  both  room  temperature  and  200°F  for  100  hours  or 
until  failure.  If  fracture  did  not  occur  by  100  hours  the  specimen  was  loaded  to 
failure  still  in  the  test  environment. 

The  object  of  this  test  was  to  develop  a  relationship  between  time  to  failure  and 
load  level  in  terms  of  percent  of  K^q  .  Specimens  were  tested  in  the  transverse 
grain  direction  only. 
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SECTION  4  BASIC  CONCEPTS  OF  FRACTURE  MECHANICS 
APPLIED  TO  THICK  SECTIONS 


The  Griffith-Irwin  fracture  mechanics  theory  has  become  the  classical  approach 
in  treating  the  mechanics  of  material  crack  growth  and  crack  instability.  This 
approach  is  used  in  treating  material  fracture  toughness  evaluation  of  the  thick- 
section  alloys.  The  following  subsections  discuss  the  basic  concepts  of  the 
theory,  crack  tip  stress  analysis,  and  associated  elastic  stress  analysis  of  frac¬ 
ture  test  specimen  configurations  used  in  this  investigation. 

"GRIFFITH-IRWIN  THEORY"  OF  CRACK  INSTABILITY 

Griffith  (Ref.  3)  developed  his  original  theory  for  the  treatment  of  stability  and 
instability  of  cracks  or  imperfections  in  ideally  brittle  solids.  The  theory  is 
based  on  an  energy  balance  or  equilibrium  concept  of  the  fracture  process. 

In  a  linear  elastic  media  (i.  e. ,  brittle  solid)  subjected  to  boundary  stresses,  the 
formation  of  a  crack  results  in  a  change  in  potential  energy.  The  total  change  in 
potential  energy  is  equivalent  to  the  sum  of  changes  in  strain  energy  due  to 
boundary  stress  displacements  and  surface  energy  or  surface  tension  dissipation 
of  the  material.  According  to  the  theorem  of  minimum  potential  energy,  equili¬ 
brium  or  crack  stability  occurs  when  the  change  in  potential  energy  is  a  minimum 
upon  introducing  the  crack. 

As  an  example  of  the  application  of  the  stability  theory,  Griffith  considered  the 
wide  plate  configuration  of  Fig.  2.  Incorporating  the  crack  tip  stress  analysis 
by  Inglis  (Ref.  4),  Griffith  showed  that  the  total  change  in  potential  energy  per 
unit  plate  thickness,  /i^,,  is  given  by: 


=  4Ta  - 


7T  <r 


2  2 
a 


E 


U) 


where  T  is  the  material  surface  tension  dissipation,  a  is  the  half  crack  length, 

<r  is  the  uniformly  applied  boundary  stress  and  E  is  Young's  modulus  of  elasti- 

a«T 

city.  Now,  for  equilibrium  =  0  or: 


ir<r2  a 


=  2T 


(2) 


Therefore,  the  equilibrium  half  crack  length,  ae,  is: 


ae  - 


2TE 
r  a  2 
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FIG.  2  GRIFFITH  PLATE  CONFIGURATION 

Thus,  referring  to  Equation  (2),  it  can  be  seen  that  at  the  onset  of  rapid  fracture 
or  crack  instability  the  strain  energy  release  rate  per  unit  of  crack  extension 
will  be  a  maximum  and  proportional  to  the  surface  tension  dissipation  of  the 
brittle  material.  Griffith's  experiments  on  glass  spherical  bulbs  and  cylinders 
substantiated  the  above  statement.  Moreover,  the  experiments  demonstrated 
that  the  strain  energy  release  rate  at  onset  of  rapid  fracturing  was  a  constant 
for  glass.  In  addition,  applied  stresses  parallel  to  the  direction  of  crack 
extension  had  no  significant  effect  on  the  material  constant. 

The  above  Griffith  energy  concept  of  the  fracture  process  did  not  consider  the 
surface  energy  dissipation  associated  with  local  plasticity  at  the  crack  tip.  An 
extension  of  the  Griffith  theory  to  consider  plastic  energy  dissipation  was  pursued 
by  Irwin  (Refs. 5,  6)  and  Orowan  (Ref.  7  ).  However,  the  results  of  Irwin's  analy¬ 
sis,  which  was  based  on  a  work  rate  analysis  of  the  fracture  process,  .allows  a 
practical  means  of  evaluating  brittle  fracture  characteristics  of  ductile  materials. 
In  essence,  the  results  are  expressed  in  a  modified  form  of  Equations  (2)  ai.d  (3) . 


2 
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=  2T  +  p 
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where  p  is  the  energy  dissipation,  during  crack  extension,  associated  with  plastic 
deformation. 
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A  more  rigorous  approach  to  the  crack  stability  problem  is  given  by  Irwin  (Refs. 
8,  9)  which  involves  elastic  stress  analysis  of  the  crack  tip  stress  field  and  its 
relationship  to  strain  energy  release  rate.  The  approach  is  based  on  the  state  of 
stress  and  strain  that  exists  along  the  leading  edge  of  the  crack.  The  predomin¬ 
ant  state  governs  the  mode  of  fracture  that  will  occur  in  a  cracked  structure. 

Fig.  3  shows  the  extreme  conditions,  namely,  the  state  of  plane  strain  and  state 
of  plane  stress.  In  the  schematic  diagram  of  Fig.  3  ,  the  strain  in  the  Z-direc- 
tion,  «  2>  of  an  element  of  material  near  the  crack  front  is  zero,  except  at  the 
free  surface,  resulting  in  a  state  of  plane  strain.  This  state  at  the  crack  front 
causes  a  flat  fracture  appearance  or  plane-strain  failure  mode,  as  seen  in  the 
photograph.  Moreover,  this  type  of  failure  mode  indicates  a  brittle  behavior  of 
the  structural  material.  In  the  diagram  of  Fig.  3  ,  the  stress  in  the  Z-direction, 

<r  2 »  is  zero  resulting  in  material  deformation  in  the  same  direction  (Ref. 10). 

Such  a  state  is  plane-stress  producing  a  complete  shear  fracture  appearance  or 
plane-stress  failure  mode  and  indicates  ductile  behavior  of  the  structural  mater¬ 
ial.  A  combined  state  of  plane  stress  and  plane  strain  results  in  a  mixed  failure 
mode  producing  shear  and  flat  fracture  across  the  fracture  face. 

A  linear  elastic  analysis  for  the  stresses  acting  on  an  element  of  material  near 
the  crack  tip  in  an  infinite  solid,  Fig.  4  ,  is  given  by  Irwin  (Ref.  8  ).  On  the  basis 
of  Westergaard's  (Ref.ll)  semi-inverse  stress  function  method,  Irwin  demonstra¬ 
ted  that  the  crack  tip  stress  field  can  be  expressed  in  terms  of  a  stress  intensity 
factor  K.  The  general  equations  for  normal  and  shear  stresses  near  the  crack 
front  for  the  states  of  plane  stress  and  plane  strain  are  as  follows: 


For  plane  stress  state, 


a ..  ~ 


TSVrCosf  (l-Sinf 
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A.  PLANE  STRAIN  CONDITION  NEAR  CRACK  FRONT 


«x=0  DENOTES  PLANE  STRAIN  STATE  WHICH  RESULTS  IN  FLAT  FRACTURE 

I 


BRITTLE  BEHAVIOR 


B.  PLANE  STRESS  CONDITION  NEAR  CRACK  FRONT 


Or  =0  DENOTES  PLANE  STRESS  STATE  WHICH  RESULTS  IN  SHEAR  FRACTURE 

I 


DUCTILE  BEHAVIOR 


FIG.  3  PLANE  STRESS  AND  PLANE  STRAIN  FAILURE  MODES 
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6  n  6  n  30 
Sin  g  Cos  2  Cos  ~2~ 
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cr  =  r  =  t  =  0 
z  xz  yz 


(5) 


For  plane  strain  state, 


<r  +  a  ) 
x  y' 


«  =  y  =7  =  o 

z  xz  yz 
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FIG.  4  STRESS  ACTING  ON  AN  ELEMENT  OF  MATERIAL  NEAR  CRACK  FRONT 

where  and  K2  are,  respectively,  the  symmetric  and  skew-symmetric  stress 
intensity  factors  relative  to  applied  crack  extension  loadings,  v  is  Poisson's 
ratio,  and  r  and  6  are  polar  coordinates  (x,y  plane)  of  the  material  element 
under  consideration.  In  examining  Equation  (5),  it  can  be  seen  that  a  stress  sing¬ 
ularity  exists  at  the  crack  tip  (i.  e. ,  r  =  0).  In  addition,  the  crack  tip  stress 
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analysis  of  Williams  (Ref.  12 )  and  Sneddon  (Ref.  13)  have  shown  similar  general 
equations  in  comparison  to  Equations  (5).  Moreover,  an  elastic  analysis  of  the 
crack  tip  stress  field  gives  a  satisfactory  description  of  the  stress  field  if  the 
crack  tip  plastic  zone  is  small  compared  to  the  crack  size. 


In  considering  symmetrically  applied  loading  or  K=  0,  the  strain  energy 

:pi4 


release  rate,  G,  at  onset  of  rapid  fracture  is  expressed  in  terms  of  the  crack 
tip  stress  field  or  stress  intensity  factor  (Ref.  9  ).  For  the  state  of  plane 
stress,  the  strain  energy  release  rate,  G^,  is 

2 


k; 


Gc  = 


E 


(6) 


where  ICq  (i.e. ,  K.  )  is  the  plane  stress  critical  stress  intensity  factor.  In 
addition,  for  the  sfa 


cate  of  plane  strain,  the  strain  energy  release  rate,  GlC>  is 


a -He2 


1C 


E 


(?) 


where  K  _  (i.e. ,  K  )  is  the  plane  strain  critical  stress  intensity  factor.  The 
parameters  Gc  and  Giq  are  commonly  referred  to  as  plane  stress  and  plane 
strain  fracture  toughness  respectively. 


Now,  the  approach  is  to  evaluate  the  material  constants  Kc  and  K1C  through 
experimental  methods.  The  following  discusses  the  analytical  s<  ‘  tions  for 
the  stress  intensity  factor  of  fracture  test  specimen  configuration  j  of  interest 
in  the  investigation. 


STRESS  INTENSITY  FACTORS  OF  FRACTURE  TEST  SPECIMEN  CONFIGURA¬ 
TIONS 


The  primary  fracture  test  specimen  configurations  used  in  material  fracture 
toughness  evaluation  are  the  centrally  cracked  panel,  circumferentially 
cracked  cylindrical  specimen  (or  round-notched  bar),  and  surface- flawed  plate. 
The  analytical  results  and  discussion  of  the  crack  tip  stress  intensity  factors 
for  these  specimen  configurations  are  based  on  the  analytical  works  of  Irwin 
(Refs.  8,  14,  15,  16,  17)  and  are  subsequently  presented. 


Centrally  Cracked  Panel  Configuration 


An  analysis  technique  for  the  general  solution  of  problems  of  cracks  in  elastic 
sheets  is  given  by  Westergaard  (Ref.  11).  Westergaard’s  approach  to  elastic 
stress  problems  is  based  on  a  semi- inverse  stress  function  method,  which 
involves  the  following  mathematical  model  and  general  theory  of  elasticity. 
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The  problem  under  consideration  is  a  centrally  cracked  infinite  panel  loaded  in 
the  x-y  plane  (Fig.  5a).  An  Airy  stress  function,  ^  ,  must  satisfy  the  equili¬ 
brium  and  compatibility  equations  in  solving  for  the  normal  and  shear  stresses 
acting  on  a  differential  element  (dx  by  dy)  of  material  in  the  elastic  stress 
field  near  the  crack  tip. 

For  equilibrium  and  a  state  of  plane  stress ,  <r  z  =  o , : 


d  x 


♦  ts. 


xy 


dx 

r 


=  0 


=  0 


xy  =  ryx 


(8) 


and  the  compatibility  equation  is: 


_2  .  <r  +<r  . 

V  (  x  y )  =  0 


where 


72  =  dfL, 


_£2_ 


0) 


In  addition,  the  normal  and  shear  stresses  are  given  in  terms  of  4*  as: 


ffx  = 


j i± 

3v2 


y  = 


d% 

ax2 


rxy  =  _  _ai± 

dxdy 


(10) 


Combining  Equations  (8) ,  (9) ,  and  (10)  results  in  the  well  known  biharmonic 
equation: 

4  .  4  d4  d4  d4 

v  *=0  ;  where v  =  4  +  2  —  „  +  (11) 

dx  dx  dy  dy 


By  defining  <t>  as: 

<t>  =  Re  Z  +  y  Im  Z  (12) 

where  Z  is  an  analytic  function  of  the  complex  variable  f  , 
r  =  x  +  iy,  and 
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7  _  az 
z  -  dr 


7'  -  dZ 

^  -  j 


results  in  v  ^  =  0  •  Equations  (10)  then  reduce  to: 

9  =  ReZ  —  y  Im  Z' 

<Ty  =  ReZ  +  y  Im  Z' 

r  =  -  y  ReZ'  (14) 

•jjy  J 

The  stress  function,  Z(f),  which  solves  the  infinite  panel  problem  of  Fig.  5(a) 
is:  1 

Z(f)  =  <r\l  -  (^)2j  2  (15) 

where  <r  is  a  uniformly  applied  tension  stress.  Now,  along  the  line  of 
expected  crack  extension  (i.e. ,  x  axis  where  6=0,  y  =  0),  the  normal  stress 
in  the  y-direction  is: 

1 

°y  =  ReZ  =  <r  j\  -  (^)2]  2  (16) 


In  addition,  referring  to  Equations  (5),  <r  can  be  expressed  as 

J 


y  V2  rr 


Therefore,  combining  Equations  (16)  and  (17)  results  in 


•  2  r  r  x"  * 

-a  - 

2  2 
L  x  —  a  J 


2  1 


where  x  =  a  +  r.  Since  the  stress  intensity  factor  describes  the  stress  field 
near  the  crack  tip,  the  following  limiting  process  is  taken. 

K=  lim  ?  J.(a-+I)il2  =cr  y?a  (19) 

r-*-o  L  2a  +  r  J 

Equation  (19)  is  an  infinite  panel  solution  for  the  crack  tip  stress  intensity 
factor  K.  However,  it  is  of  practical  interest  to  determine  the  stress  intensity 
factor  for  a  centrally  cracked  panel  of  finite  width. 
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The  approach  is  to  consider  a  collinear  array  of  cracks  of  length  2a  subjected 
to  uniform  tension,  a  ,  and  spaced  at  equidistant  W  as  shown  in  Fig.  5b. 

The  appropriate  Westergaard  stress  function  that  solves  the  given  problem  is, 


trsin 


z<r>  = 


r  r 

w 


(sinjrjY 
L  w 


11/2 


(20) 


(sin  ra) 
W 


Therefore,  along  the  x-axis : 


cr„  - 


<r  sm 


y  =  ReZ  = 


2 rx 
X 


•  c 

(sin~w 


)“  (sinZt?) 


211/2 


(21) 


where  x  =  a  +  r.  The  resulting  stress  intensity  factor  is: 


K  =  lim  cr  sin 
r-0 


2  r  r 


(sin 


in  a> 


1/2 


(22) 


or 


1/2 


K  =  <r\[rh 


W 

tt  a 


TAN 


ira 

W 


(23) 


Therefore,  Equation  (23)  is  the  stress  intensity  factor  for  a  finite  centrally 
cracked  panel  loaded  in  uniform  tension.  In  comparing  Equations  (19)  and  (23), 


the  term 
finite  geometry. 


~  TAN  2L|7 
ira  W 


1/2  , 


is  a  stress  field  correction  factor  for  the 


The  previous  stress  analysis  of  the  crack  tip  stress  field  and  stress  intensity 
factor  for  the  centrally  cracked  panel  fracture  specimen  configuration  is  based 
on  mathematical  elastic  theory  techniques.  Therefore,  certain  corrections 
and  limitations  will  be  placed  on  the  solution  for  the  stress  intensity  factor 
due  to  localized  plastic  deformation  at  the  crack  tip. 


Of  primary  interest  is  the  size  of  the  plastic  enclave  or  zone  at  the  tip  of  the 
crack,  rhis  is  readily  determined  by  applying  a  yield  criterion  and  incorpora¬ 
ting  the  stress  field  -aquations  given  previously,  Equation  (5).  The  yield 
criterion  which  gives  results  in  good  agreement  with  test  results  is  the  Henky- 
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von  Mises  distortions!  energy  criterion  (see  Ref.  10).  For  the  state  of  plane 
stress  or  biaxial  stress  condition,  the  yielding  theory  can  be  expressed  as: 


__  a. 


x 


+ 


T  2 

Txy 


=  ffys2 


(24) 


where  ays  is  the  yield  stress  as  determined  from  an  axial  test.  Substitution 
of  Equations  (5)  into  the  above  Equation  (24)  results  in  the  following  expression, 
which  defines  the  extent  of  the  plastic  zone  in  terms  of  polar  coordinates  r 
and  6  . 


r 


K2 


cos 


2r<r 


ys 


1 

2 


1+3  sin  JL 


(25) 


Along  the  line  of  crack  extension,  i.  e. ,  5=0°,  the  width  of  the  plastic  zone, 

w,  is 


w  =  r  = 


K2 


2  r 


°ys 


(26) 


The  width  of  the  plastic  zone  is  considered  as  an  added  effective  crack  length. 
Therefore,  Equation  (23)  when  corrected  for  this  additional  crack  length 
becomes: 


K 


a 


W  TAN 


jra_ 

W 


2W 


1/2 


(27) 


Based  on  observations  of  experimental  data,  the  ASTM  Committee  on  Fracture 
Testing  of  High-Strength  Materials  (Ref.  18)  recommends  that  center-cracked 
panels  be  so  designed  that  «r  0.8  <rvs,  where  <r  is  the  net  section  faiiure 
stress.  n  n 

Circumferentially  Cracked  Cylindrical  Specimen  (Round-Notched  Bar) 

The  basic  stress  intensity  factor  equation  for  this  fracture  test  specimen  con¬ 
figuration  (Fig.  6)  is  given  by  Irwin  (Ref.  19)  as: 


IK  =  lim 
P  —  0 

where  p  is  the  notch  root  radius  and  ar 


MAX 


VFp 


(28) 


is  the  maximum  stress  at  the 


MAX  ^t  a 


wnere  p  is  tne  notcn  root  raaius  ana  „  is  tne  maximu 
notch  root.  Equation  (28)  can  be  rewrittenby  considering  =  K, 

Therefore, 

K 

0 


n 


K  =  <r  yVt)  lim  .f~P 

n  P  _^n  2  »  d 


D 


(29) 
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where  is  the  net  section  stress,  D  is  the  major  bar  diameter,  Kfc  is  a 


theoretical  stress  concentration  factor,  and  it  is  assumed  A  ,  =  1/2  A 

net  gross 


An  analysis  by  Irwin  (Ref.  19)  shows  that  for  -  0.707,  where  d  is  the  net 


section  diameter,  Equation  (29)  reduces  to: 


K  =  0.233  a  V*D 
n  ' 


(30) 


The  plane  strain  plastic  zone  width  at  the  crack  tip  was  derived  by  Irwin 
(Ref.  14,  15)  and  is  given  as: 


w  = 


K2 


4r/2 


(31) 


ys 


By  considering  the  plastic  zone  width  as  an  effective  radial  increase  in  crack 
depth,  Equation  (30)  becomes: 


K  =  0.233 


D 


2  Vi 


rn  VxD  (32) 


4  r 


\J2 


The  Equation  for  K  then  reduces  to: 

K2 


K 


1  - 


2  irD 


ys- 


=  0.233  »n  T/TD 


(33) 


The  ASTM  Committee  on  Fracture  Testing  of  High-Strength  Materials  (Ref.  18) 


recommends  that  notched  bars  be  of  sufficient  size  to  assure 


jn  <  1.1  a  ys 


at  failure.  This  recommendation  is  substantiated  by  experimental  results 
reported  by  the  committee. 


Surface- Flawed  Plate  Configuration 


The  stress  intensity  factor  for  a  semielliptical  surface  flaw  in  a  plate  subjected 
to  a  uniform  tension  stress,  Fig.  7,  as  derived  by  Irwin  (Ref.  16,  17)  is: 


K  = 


1.1  <r  \firb 


4> 


(34) 
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where  b  is  the  flaw  depth  and  $  is  the  following  complete  elliptical  integral  of 
the  second  kind. 

fr/2  2  2  1/2 

*=  (l-(~ - -)  sin  «  )  d  6  (35) 

Jo  a2 

Equation  (34)  is  valid  for  ~  <  1  where  a  is  the  half  flaw  length  and  ^<0.5 

a  t 

where  t  is  the  plate  thickness.  Correcting  Equation  (34)  for  the  plane  strain 

plastic  zone  width,  Equation  (3),  results  in: 

v  _  1.1  9 


+2-  0.212  (-5^-)2] 


The  ASTM  Committee  on  Fracture  Testing  of  High  Strength  Materials  (Ref.  18) 
recommends  that  surface  flawed  plates  be  of  sufficient  size  that 
a  <  ^ys  and  *  >  0.9ff  at  fracture. 


-Tf  -Tfr  %  m  .M  .  M  Jf  -  M  '• 


SECTION  5  MATERIAL 


BLOCK  DIMENSIONS 

Forged  blocks  9  x  9  x  24  inches  were  obtained  for  the  fabrication  of  steel  speci¬ 
mens.  Blocks  this  large  were  necessary  in  order  to  test  panels  up  to  one  inch 
thick.  The  width-to-thickness  ratio  of  9  to  1  was  as  low  as  considered  advisable; 
the  ASTM  Fracture  Committee  recommends  16  to  1.  A  16-inch  square  billet 
was  considered  too  large  to  obtain  sufficient  working  in  forging  reduction  from 
the  cast  ingot.  A  9  x  9-inch  cross  section  was  the  compromise  size  selected 
as  a  good  trade  between  fracture  properties  and  satisfactory  test  specimens. 

In  addition,  specimen  sizes  were  considered  representative  of  SST  part  sizes. 

It  was  realized  that  some  variation  in  fracture  properties  might  occur  across 
the  block  which  would  obscure  results  obtained  from  testing  variables.  In  an 
effort  to  minimize  this  undesirable  variable,  consutrode  melted  material  with 
its  inherently  better  homogenieiy  was  used  and  in  addition  the  transverse  speci¬ 
mens  were  all  taken  from  a  3-inch  slab  from  the  top  of  one  block.  The  longitud¬ 
inal  specimens  tend  to  be  less  affected  by  position  in  the  block  as  is  generally 
found  with  the  reduction  in  area  values  from  tensile  specimens.  The  locations 
of  the  specimens  in  the  forged  blocks  are  shown  in  Figs.  8  through  14. 

To  ensure  that  there  was  not  a  large  variation  in  properties  across  the  blocks, 
three  transverse  tensile  specimens  from  each  block  were  tested.  One  specimen 
was  taken  from  the  center,  edge,  and  midpoint  areas  of  each  block.  Reduction 
in  area  values  revealed  only  minor  variations. 

Because  titanium  requires  greater  forging  reduction  to  obtain  satisfactory  prop¬ 
erties,  3  x  9  x  24-inch  blocks  were  obtained.  In  addition,  to  determine  the 
effects  of  forging  reduction,  3  x  9-inch  cross  section  blocks  of  4340,  AM  355 
and  Maraging  250  were  also  obtained. 

Forged  blocks  for  each  alloy  were  from  a  single  heat  to  eliminate  chemistry 
variations.  A  wet  chemical  analysis  and  vacuum  gas  analysis  were  run  on  each 
alloy  and  the  results  are  listed  in  Table  1.  The  supplier,  melting  procedure, 
and  heat  number  for  each  alloy  was  included  for  additional  information. 

Ultrasonic  inspection  was  conducted  on  each  alloy  using  a  3 /32-inch  indication 
as  basis  for  rejection.  A  slab  from  the  cross  section  of  each  block  was  macro- 
etched  to  inspect  for  evidence  of  gross  segregation. 

The  above  inspection  procedures  indicated  that  each  material  was  within  speci¬ 
fication  requirements  and  free  from  harmful  defects. 

FORGING  PROCEDURE 

Because  it  was  impossible  to  obtain  material  from  each  alloy  with  the  same 
degree  of  forging,  a  short  description  of  the  melting  and  forging  process  is 
given.  The  amount  of  forging  reduction  from  the  cast  ingot  to  the  final  forged 
block  will  have  an  effect  on  the  fracture  properties  and  should  be  considered  in 
the  analysis. 
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4340 

This  material  was  air  melted  in  an  electric  furnace  and  then,  vacuum  consum¬ 
able  electrode,  remelted  to  a  16-inch  diameter  ingot.  Forging  from  2200°  F  was 
used  to  reduce  the  ingot  to  a  12-inch  round  cornered  square.  The  billet  was 
conditioned  and  final  forged  to  a  9  x  9-inch  cross  section.  The  heat  treatment 
as  supplied  was  1600°F  with  a  70°F/hour  furnace  cool  to  room  temperature. 

9  Ni-4Co 

First  melting  was  in  air  in  an  electric  furnace  with  a  subsequent  vacuum  arc 
remelt  using  a  27-inch  electrode.  The  final  ingot  size  was  30-inches  and  forged 
in  the  temperature  range  of  2050°  F  down  to  1800°  F.  The  final  9x9  inch  forging 
was  slow  cooled  in  vermiculite. 

AM  355 

This  alloy  was  air  melted  in  an  electric  furnace  and  then  consumable  electrode 
vacuum  remelted  with  a  22-inch  electrode  to  a  final  20-inch  ingot.  The  ingot 
was  forged  to  the  final  9  x  9-inch  size  then  equalized  and  aged  by  heating  at. 
1375°F  for  3  hours,  air  cooled  then  heated  to  1050°F  for  3  hours  and  air  cooled. 

Maraging  250 

This  material  was  air  melted  in  an  electric  furnace  and  vacuum  consumable 
remelted  using  a  16-inch  electrode.  The  final  20-inch  ingot  was  homogenized 
for  3  hours  at  2300°F,  then  forged  to  a  12-inch  square  and  air  cooled.  The  12- 
inch  square  was  then  reheated  to  2000°F,  held  for  3  hours  and  forged  to  the 
final  9x9  inch  size.  The  forged  blocks  were  solution  annealed  at  1500°F  for 
6  hours  and  air  cooled  to  room  temperature. 

Inco  718 

This  material  was  vacuum  arc  remelted  using  a  13-inch  consumable  electrode. 
The  final  ingot  16  inches  in  diameter  was  forged  between  2000°  F  and  1800°  F  to 
the  final  9x9  inch  size.  The  forged  blocks  were  then  annealed  at  1800°  F  for 
1  hour. 

Ti  6A1-4V 

This  material  was  consumable  electrode  vacuum  melted  using  a  16-inch  elec¬ 
trode.  The  first  melt  resulted  in  a  24-inch  diameter  ingot  and  the  second 
resulted  in  a  30-inch  ingot.  The  ingot  was  forged  to  a  12-inch  round  cornered 
square  (R.C.S.)  and  reforged  to  a  9-inch  R.C.S.  reconditioned  again  and 
finally  reforged  to  the  3  x  9-inch  size.  Heat  treatment  at  time  of  delivery  was 
an  anneal  at  1300°F  for  1  hour  and  air  cooled. 

Ti  6A1-6V-  2Sn 

This  material  was  consumable  electrode  vacuum  melted  using  a  12-inch  elec¬ 
trode.  The  first  melt  resulted  in  an  18-inch  diameter  ingot  and  the  second 
resulted  in  a  24-inch  diameter  ingot.  This  was  forged  to  a  12-inch  R.C.S. , 
conditioned  and  reforged  to  a  9-inch  R.C.S. ,  conditioned  and  final  forged  to  the 
3  x  9-inch  size.  Heat  treatment  at  time  of  delivery  was  an  anneal  at  1300°F  for 
one  hour  and  air  cooled. 

PH  13-8Mo 

This  steel  was  vacuum  induction  melted  and  cast  into  a  12-inch  diameter  elec¬ 
trode  which  was  consumable  electrode  vacuum  melted  to  a  16-inch  diameter 
ingot.  The  ingot  was  then  forged  to  the  final  9  x  9-inch  size. 
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B“““K  NUMBER  AND  TYPE  OF  SPECIMENS 

A  10  LONGITUDINAL  GRAIN  ROUND  SMOOTH  TENSILES 

B  30  TRANSVERSE  GRAIN  ROUND  SMOOTH  TENSILES 

D  38  TRANSVERSE  GRAIN  CHARPY  SPECIMENS 

F  8  TRANSVERSE  GRAIN  LONG  CHARPY  SPECIMENS 

H  22  TRANSVERSE  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TENSILES 

I  20  TRANSVERSE  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TENSILES 

K  5  TRANSVERSE  GRAIN  PANEL  3/16  X  3  X  9 

L  S  LONGITUDINAL  GRAIN  PANEL  3/16  X  3  X  9 

M  5  LONGITUDINAL  GRAIN  PANEL  3/16  X  5  X  12 

P  3  LONGITUDINAL  GRAIN  2-3/4  INCH  DIAMETER  ROUND  NOTCH  TENSILES 

P  3  TRANSVERSE  GRAIN  2-3/4  INCH  DIAMETER  ROUND  NOTCH  TENSILES 

FIG .  8  TYPICAL  SUB-BLOCK  LAYOUT  OF  FIRST  9X9  BILLET  FOR  STEEL  AND 
NICKEL  ALLOYS 
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8  LONGITUDINAL  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TENSILES 
5  LONGITUDINAL  GRAIN  PANEL  3/8  X  (•  X  24 
5  LONGITUDINAL  GRAIN  PANEL  1  X  9  X  24 


FIG.  9  TYPICAL  SUB-BLOCK  LAYOUT  OF  SECOND  9X9  BILLET  FOR  STEEL  AND 
NICKEL  ALLOYS 
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SUB 

BLOCK 

NUMBER  AND  TYPE  OF  SPECIMENS 

■ 

24  SHORT  TRANSVERSE  GRAIN  ROUND  SMOOTH  TENSILES 

16  SHORT  TRANSVERSE  GRAIN  CHARPY  SPECIMENS 

H 

8  SHORT  TRANSVERSE  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TENSILES 

FIG.  10  TYPICAL  SUB-BLOCK  LAYOUT  OF  FORGED  DOWN  BILLET  FOR  STEEL  ALLOYS 
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SUB 

BLOCK 


NUMBER  AND  TYPE  OF  SPECIMENS 


A 

B 

C 

D 

E 

F 

G 

H 

N 


10  LONGITUDINAL  GRAIN  ROUND  SMOOTH  TENSILES 
30  TRANSVERSE  GRAIN  ROUND  SMOOTH  TENSILES 
24  SHORT  TRANSVERSE  GRAIN  ROUND  SMOOTH  TENSILES 
38  TRANSVERSE  CHARPY  SPECIMENS 
16  SHORT  TRANSVERSE  GRAIN  CHARPY  SPECIMENS 
8  TRANSVERSE  GRAIN  LONG  CHARPY  SPECIMENS 

8  LONGITUDINAL  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TENSILE 
22  TRANSVERSE  GRAIN  1-1/8  INCH  DIAMETER  ROUND  NOTCH  TEN5ILE 
5  LONGITUDINAL  GRAIN  PANEL  3/8  X  6  X  24 


FIG.  11  TYPICAL  SUB-BLOCK  LAYOUT  OF  FIRST  BILLET  FOR  TITANIUM  ALLOYS 
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NOTE:  DIMENSIONS  IN  INCHES 


FIG.  12  TYPICAL  SUB-BLOCK  LAYOUT  OF  SECOND  BILLET  FOR  TITANIUM  ALLOYS 
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SUB 

BLOCK 

NUMBER  AND  TYPE  OF  SPECIMENS 

M 

4  LONGITUDINAL  PANEL 3/16 x 5 x  13 

Q 

2  LONGITUDINAL  GRAIN  PANEL  1x9x24 

F/G.  14  TYPICAL  SUB-BLOCK  LAYOUT  OF  FOURTH  BILLET  FOR  TITANIUM  ALLOYS 


SECTION  6  HEAT  TREAT  STUDY 


TEST  PROCEDURE 

1)  Charpy  specimens  were  tested  only  in  the  transverse  direction,  which  was 
considered  more  sensitive  to  fracture  property  changes  and  the  most  dis¬ 
criminating  in  choosing  the  optimum  heat  treatment.  Specimens  were  also 
fabricated  from  the  short  transverse  directions  of  the  forged-down  3x9 
inch  blocks  since  this  was  the  grain  direction  of  greatest  interest  from 
these  blocks.  These  specimens  were  then  compared  with  the  transverse 
direction  in  the  9  x  9-inch  blocks  to  determine  the  effect  of  added  forging 
reduction.  Specimens  were  rough  machined  leaving  approximately  0.  030 
inch  on  each  dimension,  then  heat  treated  and  final  machined. 

Finished  Charpy  impact  specimens  of  standard  dimensions  as  shown  in 
Fig.  15  were  fatigued  in  a  Manlabs  Fatigue  Precracking  Machine  to  form  a 
crack  at  the  root  of  the  machined  notch.  This  machine  applies  simple  beam 
bending  loads  to  the  specimen  at  1800  cpm  and  shuts  off  automatically  as 
deflection  increases  with  initiation  of  the  crack.  Uniform  cracks  approxi¬ 
mately  0.  020  inch  deep  were  grown  by  this  method.  Impact  testing  was 
thm  accomplished  in  a  Wiedeman-Baldwin  Impact  Tester  on  the  240  ft-lb 
scale  at  17  fps.  One  scale  was  used  for  all  alloys  in  an  attempt  to  obtain 
more  reproducible  data.  Specimens  not  tested  at  room  temperature  were 
held  for  at  least  15  minutes  at  temperature  in  a  furnace  before  testing  to 
ensure  reaching  the  desired  temperature. 

After  reaching  temperature  the  specimens  were  rapidly  transferred  to  the 
impact  tester  and  fractured.  The  area  remaining  after  fatigue  cracking 
was  readily  visible  and  measured  under  a  low  power  microscope.  Tough¬ 
ness  values  were  then  calculated  as  energy  to  fracture  in  inch-pounds 
divided  by  the  area  fractured  during  impact. 

2)  Tensile  specimens  used  in  the  heat  treat  study  are  shown  in  Fig.  16.  The 
size  was  dictated  by  the  dimensions  of  the  short  transverse  direction  of  the 
forged  down  blocks.  Specimens  were  tested  in  a  Wiedeman-Baldwin  20-kip 
universal  testing  machine  at  a  strain  rate  of  0,005  in/in/sec  up  to  the  yield 
strength  and  at  0.020  in/in/sec  to  failure. 

A  clamshell  furnace  with  quartz  radiant  heating  lamps  was  used  for  the 
high-temperature  testing.  A  cold  box  using  nitrogen  gas  released  from  a 
liquid  nitrogen  tank  was  used  for  the  -110°  F  testing.  Three  thermocouples 
were  attached  to  each  specimen  during  testing  to  ensure  uniform  tempera¬ 
ture  control.  Temperatures  recorded  by  each  thermocouple,  were  within 
±5°  F  of  the  desired  test  temperature  before  testing  proceeded.  Specimens 
were  held  at  temperature  for  at  least  15  minutes  before  testing.  Load- 
strain  curves  to  failure  were  obtained  for  each  specimen. 
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EXPERIMENTAL  RESULTS 

Heat  treat  steps  for  the  nine  heat  treat  investigations  are  listed  with  the  result¬ 
ing  Charpy  and  tensile  data  in  Tables  2  through  10.  Heat  treatments  were 
based  on  data  obtained  from  the  vendors  and  from  a  review  of  the  literature. 
Where  valid  fracture  toughness  data  was  available  it  was  usually  given  for  a 
single  standard  condition.  Therefore,  the  heat  treatments  selected  for  study 
were  generally  based  on  impact  studies  because  they  were  more  plentiful  in  the 
literature. 

Optimum  heat  treatments  are  indicated  for  each  alloy  where  the  best  combina¬ 
tion  of  strength  and  fracture  toughness  resulted.  Selection  of  the  optimum  heat 
treatment  was  made  by  referring  to  the  plots  of  variation  of  precracked  Charpy 
toughness  and  ultimate  strength  with  temperature  shown  in  Figs.  17  through  25. 
In  most  instances  selection  was  determined  by  toughness  for  one  heat  treatment 
being  considerably  better  than  the  others.  Where  the  toughness  did  not  vary 
appreciably  the  resulting  heat  treatment  in  the  highest  strength  was  chosen. 

Metallographic  studies  were  made  with  optical  and  electron  microscopes  of  all 
heat  treat  conditions.  Photomicrographs  of  the  optimum  heat  treatment  for 
each  alloy  are  shown  in  Figs.  26  through  34. 

DISCUSSION 

Heat  treat  results  of  each  individual  alloy  in  the  program  are  as  follows: 

4340 


*■  - 


The  requirement  for  metallurgical  stability  after  1000  hours  exposure  to  650°  F 
dictated  a  tempering  temperature  of  at  least  800°  F.  Strengths  below  200  ksi 
were  considered  to  be  too  low  to  be  of  interest  and  not  comparable  in  strength 
to  the  other  steel  alloys.  These  considerations  led  to  the  selection  of  the  800°  F 
tempering  temperature. 

The  standard  oil  quench  and  double  temper  was  picked  as  the  first  trial  heat 
treatment.  Previous  work  (Ref.  20)  has  shown  that  an  increase  in  impact  tough¬ 
ness  was  attained  by  including  a  sub-cool  to  -110°  F  between  the  tempering 
cycles.  Other  data  (Ref.  21)  has  shown  increases  in  toughness  by  martempering 
at  375°  F.  It  was  thought  probable  that  the  increased  toughness  was  due  to  the 
reduction  in  residual  microstresses.  Therefore,  these  variations  were 
included  in  the  trial  heat  treatments.  Tensile  and  fracture  data  for  the  mar- 
tempering  treatment  A,  the  sub-cooling  treatment  B,  and  the  normal  quench 
and  temper  C  are  shown  in  Fig.  17.  Of  the  three,  the  martempering  process 
resulted  in  the  highest  strength  and  precracked  Charpy  toughness. 

Optical  and  electron  photomicrographs  of  the  4340  with  the  optimum  heat  treat¬ 
ment  are  shown  in  Fig.  26.  The  extremely  fine  martensitic  platelets  are 
readily  observable  at  5000X  in  the  electron  micrographs.  The  microstructure 
also  contains  spheroidal  and  plate-like  carbides  of  the  M3C  type  typical  of  4340 
tempered  at  800°  F  (Ref.  22). 
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TABLE  2  HEA1  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR  4340 


TREAT 


(OPTIMUM) 

A 

A 

A 

A 

a[l> 

A 


ULTIMATE  .2%  YIELD 
STRENGTH  STRENGTH 
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TABLE  2  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR  4340 

(confined) 


TREAT 


ULTIMATE 

STRENGTH 

p*i 


223.300 

224.200 

211.400 
210,700 
182,800 

182.400 

225.500 

226.200 

212.300 
211,800 
186,800 

186.500 


■  2°i  YIELD 
STRENGTH 
p*i 


208.500 
207,800 
195,400 
195,000 
149,600 
151,700 
212,100 

212.500 
197,900 
197,900 
153,200 
154,000 


ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W  A 

(in  lbs  in 

10 

31 

185 

*HEAT  TREATMENTS 

A.  (1)  Cycle  annealed  at  1625°F  for  45  minutes  and  air  cool,  then  heot  to  1250°F  for  90  minutes  and  oir 

cool. 

(2)  Austenitize  at  1525°F  for  45  minutes  and  quench  in  salt  to  375°F.  Hold  until  pore  reaches  bath 
temperature  then  air  cool  to  below  160°F. 

(3)  Temper  at  800°F  for  1-1/2  hours. 

(4)  Temper  at  800°F  for  1-1/2  hours. 

B.  (1)  Cycle  anneal  at  1625°F  for  45  minutes  and  air  cool.  Reheat  to  1250°F  for  90  minutes  and  air  cool. 

(2)  Austenitize  at  1525°F  for  45  minutes  and  oil  quench, 

(3)  Temper  at  800°F  for  90  minutes, 

(4)  Subcool  to  -110°F  for  2  hours, 

(5)  Temper  at  800°F  for  90  minutes, 

C.  (1)  Cycle  anneal  at  1625°F  for  45  minutes  and  air  cool,  then  reheat-treot  to  1250°F  for  90  minutes  and 

air  cool. 

(2)  Austenitize  at  1525°F  for  45  minutes  and  oil  quench. 

(3)  Temper  at  800°F  for  90  minutes  and  oir  cool. 

(4)  Temper  at  800°F  for  90  minute*  and  air  cool. 
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TABLE  3  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR  9Ni-4Co 


HEAT* 

TREAT 

GRAIN 

TEST 

TEMP 

°F 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 
psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W,  A 

(in- lbs  in^) 

(OPTIMUM) 

A 

T 

-100 

227,800 

220,800 

14 

57 

863 

A 

T 

-100 

226,900 

220,400 

14 

53 

835 

A 

T 

RT 

213,000 

205,100 

14 

55 

2336 

A 

T 

RT 

212,600 

204,300 

14 

57 

2210 

A 

T 

400 

192,900 

163,900 

24 

75 

3059 

A 

T 

400 

196,900 

166,300 

22 

70 

3032 

A 

T 

650 

171,100 

150,500 

22 

80 

2869 

A 

T 

650 

173,100 

148,400 

21 

79 

2855 

A 

L 

-110 

218,800 

209,400 

16 

58 

A 

L 

-no 

224,300 

213,100 

15 

60 

A 

L 

RT 

208,200 

200,600 

15 

63 

A 

L 

RT 

203,700 

196,200 

15 

61 

A 

L 

400 

202,000 

173,400 

18 

64 

A 

L 

400 

195,800 

164,900 

22 

71 

A 

L 

650 

151,900 

133,400 

21 

79 

A 

L 

650 

149,800 

129,300 

21 

80 

B 

T 

-100 

203,200 

190,300 

16 

57 

1655 

B 

T 

-100 

203,700 

190,400 

16 

59 

1684 

B 

T 

RT 

190,300 

178,400 

15 

58 

3630 

B 

T 

RT 

189,000 

177,300 

17 

59 

3780 

B 

T 

« 

650 

157,900 

1 35, 200 

23 

80 

4695 

B 

T 

650 

156,500 

133,900 

22 

81 

4789 

C 

T 

-100 

222,100 

206,300 

14 

48 

916 

C 

T 

-100 

222,200 

205,700 

14 

52 

983 

C 

T 

RT 

206,600 

190,000 

14 

57 

1769 

C 

T 

RT 

206,600 

191,100 

14 

58 

1780 

C 

T 

650 

165,100 

139,300 

23 

78 

2948 

C 

T 

650 

167,300 

139,800 

23 

79 

3055 

A.  (1 )  Normali  ze  at  1600°F  for  1  hour  and  air  cool* 

(2)  Austenitize  at  1450  F  for  30  minutes  and  quench  in  salt  at  450°F  ond  hold  for  6  hours*  then  air  cool* 

(3)  Temper  at  700°F  for  1  hour* 

(4)  Temper  at  700°F  for  1  hour, 

B.  (1)  Normalize  at  1600°F  for  1  hour  and  air  cool. 

(21  Austenitize  at  1450°F  for  30  minutes,  and  quench  into  salt  at  550°F  and  hold  for  6  hours,  then  air  cool. 

(3)  Temper  at  700°F  for  1  hour, 

(4)  Temper  at  700°F  for  1  hour. 

C.  (1)  Normalize  at  1650°F  for  1  hour  and  air  cool. 

(2)  Austenitize  at  1450°F  for  30  minutes,  ond  oil  quench  to  below  120°F. 

(3)  Subcool  to  -110°F  for  2  hours. 

(4)  Temper  at  750°F  for  1  hour  and  air  cool. 

(5)  Temper  at  750°F  for  1  hour  and  air  cool. 
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TABLE  4  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  AM  355 


HEAT  * 
TREAT 

GRAIN 

■SI 

i m 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 
psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W/A 

(in  lbs  in^) 

A 

T 

-100 

217,600 

199,500 

2 

.2 

105 

A 

T 

-100 

218,400 

2 

2 

107 

A 

T 

RT 

218,000 

175,300 

8 

18 

222 

A 

T 

RT 

217,400 

174,200 

10 

20 

203 

A 

T 

650 

198,700 

8 

19 

811 

A 

T 

6S0 

198,300 

134,700 

8 

19 

649 

A 

ST 

-100 

211,500 

155 

A 

ST 

-100 

208,800 

204,300 

105 

A 

ST 

RT 

220,900 

179,900 

5 

6 

A 

ST 

RT 

222,000 

179,300 

3 

3 

A 

ST 

650 

201,000 

140,600 

4 

11 

956 

A 

ST 

650 

202,100 

143,200 

7 

22 

1128 

B 

T 

-100 

238,100 

209,800 

3 

2 

159 

B 

T 

-100 

236,200 

205,900 

2 

2 

159 

B 

T 

RT 

226,800 

192,900 

11 

22 

318 

B 

T 

RT 

229,400 

183,900 

15 

30 

316 

B 

T 

650 

207,100 

145,800 

8 

23 

842 

B 

T 

650 

207,600 

142,300 

8 

23 

873 

B 

ST 

-100 

207,300 

1 

.2 

158 

B 

ST 

-100 

21  5,500 

1 

.2 

162 

B 

ST 

RT 

226,800 

185,200 

5 

1.5 

B 

ST 

RT 

224,600 

186,000 

5 

3 

B 

ST 

650 

205,100 

142,000 

7 

17 

947 

B 

ST 

650 

206,700 

143,600 

7 

18 

1231 

C 

T 

-100 

273,300 

127,300 

18 

29 

218 

C 

T 

-100 

270,000 

199,100 

18 

31 

261 

C 

T 

RT 

225,400 

159,300 

20 

43 

750 

C 

T 

RT 

228,600 

170,700 

20 

42 

655 

C 

T 

650 

206,100 

134,500 

10 

26 

1211 

C 

T 

650 

206,400 

143,100 

8 

14 

1327 

C 

ST 

-100 

230,200 

201,600 

1 

2 

207 

C 

ST 

-100 

228,500 

200,800 

1 

1 

256 

C 

ST 

RT 

225,000 

179,500 

3 

1.5 

C 

ST 

RT 

226,700 

173,600 

7 

7 

C 

ST 

650 

204,300 

128,200 

9 

17 

1409 

C 

ST 

650 

204,500 

137,600 

6 

14 

1421 
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TABLE  4  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  AM  355  (continued) 


TREAT 


(OPTIMUM) 


ULTIMATE  .2%  YIELD  ELONG 
STRENGTH  STRENGTH  1  inch 

psi  psi  percent 


221,400 

176,700 

219,900 

173,800 

200,400 

134,700 

•200,000 

134,500 

228,600 

202,700 

222,200 

217,800 

173,300 

217,600 

174,400 

206,400 

154,300 

201,600 

140,200 

253,700 

186,000 

250.300 

173,100 

210,500 

162,100 

21’. 200 

160,000 

193,000 

133,700 

194,200 

1 52,600 

185,800 

1 1 0,400 

185,800 

142,400 

249,200 

186,100 

234,500 

181,600 

211,400 

153,700 

210,800 

153,600 

193,800 

146,300 

193,400 

138,800 

185,200 

135,700 

183,000 

134,300 

250,200 

202,800 

250,200 

203,600 

217,100 

164,000 

RA 

percent 


PRECRACKED 

CHARPY 

W/A 

(in  lbs  in^) 


■UUBUJUUUIJUkJiaJl  AJtRJliUr AKA*  TMTJk  AH  AIU  J*  A*  rj*  n*  w  ™ 


TABLE  4 


HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  AM  355  (continued) 


HEAT  * 
TREAT 

GRAIN 

H 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 
psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W/A 

(in'  lbs  in^) 

E 

L 

mm 

217,300 

22 

58 

E 

L 

196,500 

H ' 

17 

58 

E 

L 

400 

194,600 

16 

57 

E 

L 

650 

195,000 

148,200 

9 

27 

E 

L 

650 

195,300 

148,100 

10 

28 

*HEAT  TREATMENTS 

A. 


(1) 

(2) 

(3) 

(4) 


B. 


Solution  anneal  at  1925  F  for  30  min.  and  oil  quench. 
Condition  anneal  at  1710  F  for  30  min.  and  oil  quench. 
Subcool  (within  1  hour  after  quenching)  ‘o  -110  F  for  3  hours. 
Temper  at  850°  F  for  3  hours  and  air  cool. 

Solution  anneal  to  1925°  F  for  30  min.  a.id  oil  quench. 

Subcool  (within  1  hour  after  quenching)  to  -110  F  for  3  hours. 
Condition  anneal  at  1800°  F  for  30  min.  and  oil  quench. 
Subcool  (within  1  hour  after  quenching)  to  -110°  F  for  3  hours. 
Temper  at  850°  F  for  3  hours  and  air  cool. 

C.  (1)  Solution  anneal  at  1500°  -  '  -  1  - '  * 

oil  quench. 

(2)  Subcool  (within  20  min.  after  quench)  to  -110 

(3)  Temper  at  850  F  for  2  hours  and  oil  quench. 

(4)  Subcool  (within  20  min.  after  quench)  to  -110°  F  for  3  hours. 

(5)  Temper  at  850°  F  for  1  hour  and  air  cool. 

MODIFIED  EQUALIZED  AND  OVERAGED  TREATMENT 


(1) 

(2) 

(3) 

(4) 

(5) 


F  for  3  hours,  transfer  to  1925°  F  for  20  min.  without  cooling  below  800°  F, 
F  ♦or  3  hours. 


D. 


(1)  Anneal  at  1550  F  for  30  min 

(2)  Subcool  to  -100°F  for  1  hou 

(3)  Reanneal  at  1550  F  for  10  hours  air  cool. 


oil  quench  to  room  temperature. 


E. 


HARDENING  TREATMENT 

Carbide  solution  anneal  at  1890°  F  for  45  min.,  oil  quench. 
Subcool  to  —100°  F  for  3  hours  within  20  min.  of  quenching. 
Condition  temper  at  850°  F  for  2  hours  oil  quench. 

Subcool  to  —100°  F  for  3  hours  within  20  min.  of  quenchinq. 
Temper  at  850°  F  for  1  hour,  air  cool. 

Mf  •'■FIED  EQUALIZED  AND  OVERAGED  TREATMENT 

C  Solution  anneal  at  1850°  F'for  45  min.,  oil  quench. 

(2)  Subcool  to  — 100°F  for  1  hour. 

(3)  Over-temper  at  1075°  F  for  3  hours,  air  cool. 

HARDENING  TREATMENT 


(1) 

(2) 

(3) 

(4) 

(5) 


(1) 

(2) 

(3) 

(4) 

(5) 


Carbide  solution  anneal  at  1925  F  for  30  min.,  oil  quench. 
Subcool  to  —100°  F  for  3  hours  within  20  min. 

Condition  temper  at  850  F  for  2  hours,  oil  quench. 

Subcool  to  —100°  F  for  3  hours  within  20  min. 

Temper  at  850°  F  for  1  hour,  air  cool. 
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TABLE  5  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  MAR  AGING  250 


HEAT  * 
TREAT 

GRAIN 

TEST 

TEMP 

°F 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 

psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W/A 

(in'lbs  in^) 

A 

T 

-100 

269,700 

252,000 

8 

29 

211 

A 

T 

-100 

271,900 

237,800 

10 

39 

212 

A 

T 

RT 

240,700 

220,600 

10 

39 

427 

A 

T 

RT 

236,900 

213,800 

10 

38 

319 

A 

T 

650 

209,700 

189,400 

3 

9 

720 

A 

T 

650 

207,700 

195,700 

3 

9 

664 

A 

ST 

-100 

298,100 

257,400 

6 

28 

270 

A 

ST 

-100 

285,000 

262,300 

8 

34 

233 

A 

ST 

RT 

258,200 

238,000 

9 

38 

- 

A 

ST 

RT 

253,200 

231,100 

8 

41 

- 

A 

ST 

650 

218,400 

202,500 

8 

34 

857 

A 

ST 

650 

219,700 

207,100 

7 

34 

818 

B 

T 

-100 

270,800 

258,100 

9 

37 

270 

B 

T 

-100 

279,300 

271,100 

10 

234 

B 

T 

RT 

254,600 

242,200 

9 

44 

329 

B 

T 

RT 

253,600 

240,400 

10 

46 

362 

B 

T 

650 

206,900 

194,000 

3 

13 

895 

B 

T 

650 

206,500 

194,600 

3 

15 

842 

B 

ST 

-100 

305,600 

285,800 

7 

421 

B 

ST 

-100 

298,900 

286,200 

8 

37 

429 

B 

ST 

RT 

260,600 

8 

- 

B 

ST 

RT 

258,700 

10 

- 

B 

ST 

650 

222,800 

207,900 

8 

40 

947 

B 

ST 

650 

203,200 

202,400 

1 

12 

956 

C 

T 

-100 

285,700 

273,000 

8 

40 

308 

C 

T 

-100 

306,900 

284,100 

3 

305 

C 

T 

RT 

256,700 

242,600 

8 

42 

440 

C 

T 

RT 

257,200 

241,700 

9 

38 

474 

C 

T 

650 

220,700 

205,300 

1 

8 

804 

C 

T 

650 

221,200 

211,600 

4 

16 

658 

C 

ST 

-100 

303,000 

283,600 

8 

42 

456 

C 

ST 

-100 

315,100 

294,800 

8 

36 

449 

C 

ST 

RT 

265,200 

7 

34 

- 

C 

ST 

RT 

272,000 

10 

41 

L  46 
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TABLE  5  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  MAR  AGING  250  (continued) 


HEAT 

TREAT 

GRAIN 

TEST 

TEMP 

°F 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 
psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W.  A 

(in  lbs  in^) 

C 

ST 

650 

221,600 

220,200 

6 

22 

903 

C 

ST 

650 

226,300 

221,000 

10 

850 

D 

T 

-100 

292,100 

274,700 

7 

307 

D 

T 

-100 

288,300 

279,100 

7 

287 

D 

T 

RT 

258,400 

246,200 

8 

473 

D 

T 

RT 

258,000 

244,600 

10 

— 

417 

D 

T 

650 

220,000 

207,200 

3 

638 

D 

T 

650 

222,600 

209,900 

3 

647 

D 

ST 

-100 

307,800 

297,0  00 

8 

36 

359 

D 

ST 

-100 

295,800 

8 

40 

314 

D 

ST 

RT 

264,600 

253,000 

8 

40 

D 

ST 

RT 

266,500 

258,700 

8 

38 

D 

ST 

650 

211,600 

3 

10 

936 

D 

ST 

650 

220,100 

206,500 

3 

11 

956 

(OPTIMUM) 

E 

T 

-110 

254,000 

233,400 

13 

39 

316 

E 

T 

-110 

253,600 

232,300 

12 

41 

324 

E 

T 

RT 

230,500 

216,000 

14 

49 

750 

E 

T 

RT 

231,500 

217,300 

13 

47 

726 

E 

T 

400 

204,400 

192,300 

11 

47 

1042 

E 

T 

400 

204,900 

187,200 

13 

49 

1043 

E 

T 

650 

197,500 

8 

28 

1582 

E 

T 

650 

197,900 

187,000 

7 

15 

1458 

E 

ST 

-110 

250,400 

231,100 

10 

31 

340 

E 

ST 

-110 

251,000 

233,900 

11 

35 

358 

E 

ST 

RT 

231,5  00 

217,600 

11 

36 

E 

ST 

RT 

231,800 

218,900 

12 

40 

E 

ST 

400 

211,400 

199,100 

12 

45 

E 

ST 

400 

209,400 

197,200 

13 

45 

E 

ST 

650 

199,600 

187,200 

11 

42 

1256 

E 

ST 

650 

199,500 

188,500 

7 

18 

1274 

E 

L 

-110 

246,400 

230,100 

13 

51 

E 

L 

-110 

247,400 

230,900 

13 

50 

E 

L 

RT 

226,000 

211,800 

14 

55 

E 

L 

RT 

226,200 

212,900 

14 

56 

47 


TABLE  5  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  MARAGING  250  (continued) 


ULTIMATE 

STRENGTH 


198.700 
196,300 

168.700 
172,400 


.2%  YIELD 
STRENGTH 


185.200 
182,600 

150.200 
156,100 


ELONG 

1  inch 
percent 


PRECRACKED 
CHARPY 
W  A 

(in '  lbs  in 


*HEAT  TREATMENTS 

A.  (1)  Solution  anneal  at  1500°F  for  1  hour  and  air  cool. 

(2)  Age  at  850°F  for  6  hours  and  air  cool. 

B.  (1)  Solution  anneal  at  1500°F  for  1  hour  and  air  cool. 

(2)  Age  at  900°F  for  3  hours  and  air  cool. 

C.  (1)  Solution  anneal  at  1500°F  for  1  hour  and  air  cool. 

(2)  Age  at  950°F  for  3  hours  and  air  c  >ol. 

D.  (1)  Solution  anneal  at  1700°F  for  30  minutes  and  air  cool 
(2)  Age  at  950°F  for  3  hours  and  air  cool 

E.  (1)  Solution  anneal  at  1700°F  for  1  hour  and  air  cool. 

(2)  Age  at  1050°F  for  3  hours  and  air  cool. 
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TABLE  6  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR  INC 0  718 


HEAT* 

TREAT 


(OPTIMUM) 

B 


★HEAT  TREATMEMTS 


ULTIMATE  .2%  YIELD  ELONG 
STRENGTH  STRENGTH  1  inch 

psi  psi  percent 


201,600 

205,700 

182,200 

178.300 

163.300 

168.300 


199,300 

190,100 

185.700 

184.800 

174.400 

175.900 

155.700 

162.700 

209.900 

207.400 

190.500 
193,000 

174.800 

177.700 

177.400 
170,600 

184.800 

181.800 

165.500 
162,000 
147,000 
149,200 


157,700 

160.400 

144.300 

143.400 

133.300 
133,600 


166,900 

161,500 

153,800 

155,100 


143,700 

146.400 

136.100 

138.500 

174.500 
169,000 
1  56,400 

155.500 

145.100 
147,000 
145,000 

142.800 

151.300 

143.800 

138.300 

141.400 
126,600 

126.300 


A,  (1)  Solution  anneal  at  1975°F  for  1  hour  and  air  cool, 

(2)  Age  1450°F  for  8  hours  and  furnace  cool  20°F  hr.  to  1200°F, 


B.  (1)  Solution  anneal  at  1975°F  for  1  hour  and  air  cool, 

(2)  Age  1400°F  for  10  hours  and  furnace  cool  20°F  hr.  to  1200°F. 


C.  (1)  Solution  anneal  at  1800°F  for  1  hour  and  air  co,-l, 

(2)  Age  1325°F  for  8  hours  and  furnace  cool  20°F  hr.  to  1150°F. 
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W/A 

(in-'lbs  in^) 
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TABLE  7  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR  Ti  6AI-4V 


HEAT* 

TREAT 

GRAIN 

TEST 

TEMP 

*F 

ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 

psi 

ELONG 

1  inch 
percent 

RA 

percent 

PRECRACKED 

CHARPY 

W/A 

{ i n / 1  b s  in^) 

A 

T 

-110 

199,500 

186,600 

9 

33 

144 

A 

T 

-110 

198,700 

185,000 

10 

39 

165 

A 

T 

RT 

172,700 

161,700 

13 

50 

A 

T 

RT 

173,500 

13 

49 

408 

A 

T 

650 

122,500 

97,500 

8 

29 

1789 

A 

T 

650 

123,600 

105,200 

9 

25 

2479 

A 

ST 

-110 

195,800 

184,000 

7 

31 

A 

ST 

-110 

191,800 

181,100 

8 

39 

A 

ST 

RT 

171,600 

158,000 

12 

48 

A 

ST 

RT 

170,000 

156,300 

14 

55 

A 

ST 

650 

119,500 

99,300 

13 

52 

A 

ST 

650 

122,900 

106,100 

13 

60 

(OPTIMUM) 

B 

T 

-110 

189,300 

174,500  ; 

1  ’o 

31 

294 

B 

T 

-110 

189,400 

131,300 

12 

34 

327 

B 

T 

RT 

165,100 

152,100 

14 

38 

471 

B 

T 

RT 

165,600 

152,300 

14 

38 

600 

B 

T 

400 

129,400 

110,400 

12 

57 

1421 

B 

T 

400 

130,600 

113,000 

15 

59 

1598 

B 

T 

650 

116,400 

96,700 

7 

25 

2989 

B 

T 

650 

120,600 

99,100 

15 

67 

2970 

B 

ST 

-110 

181,600 

1/0,700 

7 

36 

B 

ST 

-110 

188,200 

181,000 

9 

36 

B 

ST 

RT 

165,500 

152,800 

11 

36 

B 

ST 

RT 

162,100 

150,900 

12 

36 

B 

ST 

400 

129,300 

108,000 

13 

51 

B 

ST 

400 

130,600 

109,100 

14 

55 

B 

ST 

650 

120,900 

97,100 

13 

57 

B 

ST 

650 

120,900 

96,400 

13 

52 

B 

L 

-110 

188,100 

178,000 

- 

- 

B 

L 

-110 

186,300 

174,800 

11 

39 

B 

L 

RT 

160,200 

146,900 

13 

43 

B 

L 

RT 

160,000 

147,300 

13 

45 

B 

L~ 

400 

129,100 

109,000 

16 

63 

B 

L 

400 

125,900' 

107,300 

17 

62 

B 

L 

650 

116,600 

94,200 

16 

65 

B 

L 

650 

li  5,200 

95,900 

16 

63 

50 
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TABLE  7  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  Ti  6AI-4V  (continued) 


ULTIMATE 

.2%  YIELD 

ELONG 

RA 

STRENGTH 

STRENGTH 

1  inch 

psi 

psi 

percent 

percent 

178.500 
178,100 

153.400 

154.500 
106,300 

1 1 0.400 

176.600 

178.700 

152.600 

156.600 

107.700 
98,900 


168,200 

69,400 

42,700 

143,900 

86,900 

91.300 

164.100 
166,500 

143,300 

143.100 
87,000 

76.300 


PRECRACKED 

CHARPY 

W/A 

(in/lbs  in 


*HEAT  TREATMENTS 

A.  (1)  Solution  treat  of  1725°F  for  1  hour  water  quench, 

(2)  Age  at  1150°F  for  4  hours  and  air  cool. 

B.  (1)  Solution  treat  at  1650°F  for  1  hour  and  water  quench. 
(2)  Age  U00°F  for  4  hours  and  air  cool. 

C.  (1)  Solution  treat  at  1550°F  for  1  hour  and  water  quench. 
(2)  Age  at  1100°F  for  4  hours  and  air  cool. 
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TABLE  8  HEAT  TREATMENTS 
Ti  6AI-6V-2Sn  ANN 


AND  RESULTING  MECHANICAL  PROPERTIES  FOR 


HEAT* 

TREAT 

TEST 

ULTIMATE 

.2%  YIELD 

— 

ELONG 

RA 

GRAIN 

TEMP 

STRENGTH 

STRENGTH 

1  inch 

F 

psi 

psi 

percent 

percent 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

(OPTIMUM) 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


179,800 

174.200 
151,500 

152.100 

123.200 

119.100 
116,900 
112,700 

175.200 

175.100 
148,000 

149.200 


68,600 

72.500 
45,100 

45.200 

00,200 

101,000 

166,600 

164.900 

138.600 

136.500 

95.600 
95,800 

83.500 

175.800 

148.500 

’01,200 

100.600 
172,300 

179.400 

148.900 

148.200 

101.400 

101.600 

175.900 
163,000 

142.500 

142.500 

105.900 

103.200 

100.800 
99,700 

169,000 

169.900 
139,600 

137.500 


PRECRACKED 

CHARPY 

W/A 

(in'lbs  in^) 


■  >♦ 

a 

i 

$ 

A 

t 

.1 

1 
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TABLE  8  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES  FOR 
Ti  6AI -6V—2Sn  ANN  ( continued ) 


ULTIMATE 

STRENGTH 

■  2%  YIELD 
STRENGTH 

ELONG 

1  Inch 

RA 

psi 

psi 

percent 

i 

percent 

124,500 

107,600 

15 

47 

1  25,200 

109,600 

14 

56 

114,200 

96,700 

17 

62 

112,500 

97,700 

12 

29 

178,300 

176,500 

13 

46 

178,200 

172,000 

13 

45 

151,600 

145,400 

15 

52 

147,400 

138,800 

16 

41 

119,900 

103,200 

18 

56 

122,600 

108,200 

18 

57 

122,300 

106,900 

18 

57 

111,100 

91,700 

16 

57 

HEAT  TREATMENTS 

A,  Anneal  at  1400°F  for  2  hours  air  cool, 

B*  Anneal  at  1300°F  for  2  hours  furnace  cool  50°F  hour  to  1000°F 

C.  Anneal  at  1300°F  for  2  hours  air  cool. 
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TABLE  9  HEAT  TREATMENTS  AND  RESULTING  MECHANICAL  PROPERTIES 
FOR  Ti  6AI-6V-2Sn  STA  (continued) 


TREAT 


*HEAT  TREATMENTS 


ULTIMATE  .2%  YIELD  ELONG 
STRENGTH  STRENGTH  1  inch 

psi  psi  percent 


121,400 

123,900 

202,600 

200,000 

172,100 

179,800 

129,500 

125,000 


191.400 

193.800 
164,300 

163.800 

101.400 

101,600 

93,600 

91,300 

163,900 

169.800 

111,600 

108,600 


A.  (1)  Solution  anneal  a*  1625°F  for  1  hour  water  quench 
(2)  Age  at  1200°F  for  4  hours  oir  cool, 

B.  (1)  Solution  anneal  at  1575°F  for  1  hour  water  quench 
(2)  Age  at  1200°F  for  4  hours  air  cool. 

C.  (1)  Solution  anneal  Jt  1525°F  for  1  hour  water  quench 
(2)  Age  at  1150°F  for  4  hours  air  cool. 


PRECRACKED 

CHARPY 

W/A 

(in  lbs  m^) 


r  -if.  w  ^  % 


GRAIN 


ULTIMATE 

STRENGTH 

psi 

.2%  YIELD 
STRENGTH 

psi 

248,900 

225,500 

227,500 

205,700 

226,200 

207,500 

187,700 

162,100 

245,500 

224,400 

223,800 

201,600 

186,900 

160,800 

238,900 

229,000 

223,000 

211,000 

184,000 

164,400 

222,800 

215,400 

223,900 

220,500 

207,100 

196,900 

207,100 

193,800 

186,800 

179,300 

186,500 

178,800 

172,300 

162,700 

170,600 

160,800 

228,600 

219,000 

228,200 

219,200 

209,700 

204,800 

211,000 

205,300 

188,500 

179,000 

186,500 

181,300 

174,700 

165,200 

176,600 

165,600 

1  inch 
percent 


RA 

percent 
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ULTIMATE  TENSILE  STRENGTH  -  ksi 


FIG.  17  VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURE  FOR  HEAT  TREATMENTS  OF  4340 


ULTIMATE  TENSILE  STRENGTH  -  ksi 
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300 


275 
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200 


175 
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FIG.  18 
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VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURE  FOR  HEAT  TREATMENTS  OF  9NI-4C o 


ULTIMATE  TENSILE  STRENGTH  -  ksi 
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ULTIMATE  TENSILE  STRENGTH  -  ksi 


FIG.  21  VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURE  FOR  HEAT  TREATMENTS  OF  INCO  718 
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FIG.  22  VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURE  FOR  HEAT  TREATMENTS  OF  Ti  6AI-4V 
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FIG .  23  VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURE  FOR  HEmT  TREATMENTS  OF  Ti  6AI-6V-2Sn  ANN 
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VARIATION  OF  PRECRACKED  CHARPY  TOUGHNESS  AND  ULTIMATE  STRENGTH 
WITH  TEMPERATURF  FOR  HEAT  TREATMENTS  OF  PH  13-8Mo 
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ETCHANT:  60%  HC/,  12%HN03,  1 2%  Acetic  Acid 

FIG.  21  MICROGRAPHS  OF  SELECTED  HEAT  TREAT  CONDITION  FOR  9N,-4Co 
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FIG.  28  MICROGRAPHS  OF  SELECTED  HEAT  TREAT  CONDITION  FOR  AM  355 
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FIG.  32  MICROGRAPHS  OF  SELECTED  HEAT  TREAT  CONDITION  FOR  Ti  6 AI-6V-2Sn  ANN 
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FIG.  33  MICROGRAPHS  OF  SELECTED  HEAT  TREAT  CONDITION  FOR  T,  6AI-6V-2Sn  STA 
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9  Ni-4Co-.  45C 

Preliminary  data.was  obtained  from  the  producer  on  the  use  of  an  isothermal 
quench  to  develop  a  bainetic  structure.  This  procedure  indicated  an  improve¬ 
ment  in  fracture  toughness  over  the  quenched  and  tempered  martensitic  condi¬ 
tion.  Excellent  toughness  had  been  obtained  with  isothermal  quenching  in  the 
range  from  450t,F  to  650°F.  The  requirement  for  metallurgical  stability  after 
exposure  to  650°F  and  40  ksi  required  a  final  tempering  temperature  above 
650°F.  700°F  was  considered  the  minimum  tempering  temperature  which  would 
provide  stability. 


The  three  trial  heat  treatments  listed  in  Table  3  consisted  of  a  martensitic 
quench  followed  by  tempering  at  750°F,  a  450°F  isothermal  quench  followed  by 
tempering  at  700°F  and  a  550°F  isothermal  quench  followed  by  tempering  at 
700°F.  The  tensile  and  fracture  data  plotted  in  Fig.  18  indicate  the  450°F  bain- 
itic  treatment  developed  exceptional  toughness  with  strength  in  the  same  range 
as  the  4340.  Therefore,  this  heat  treatment  was  selected  for  heat  treatment  of 
the  subsequent  specimens. 


The  bainitic  structure  of  this  alloy  is  revealed  in  Fig.  27. 
AM  355 


Experimental  heat  treatments  of  the  AM  355  consisted  of  variations  of  the  sub 
cooled  and  tempered  condition  listed  in  Table  4  as  the  SCT  condition.  It  in¬ 
volved  the  solution  of  carbides  at  1925°F,  conditioning  of  the  austenite  at  1710°F, 
transformation  to  martensite  at  -100°F,  and  tempering  at  temperatures  of  850°F. 
The  second  was  similar  to  the  first  except  it  included  an  additional  subcool  at 
-100°F  after  the  carbide  solution  treatment  in  an  attempt  to  form  some  martensite 
before  precipitation  of  carbides.  The  third  was  similar  to  the  second,  however, 
the  austenite  conditioning  treatment  was  done  at  a  temperature  of  850°  F  rather 
than  1710°F  to  obtain  a  finer  carbide  precipitate.  Properties  resulting  irom  the 
third  heat  treatment  were  somewhat  lower  than  anticipated.  The  existence  of 
delta-ferrite  in  the  microstructure  was  considered  to  be  the  cause  of  the  poorer 
toughness  properties.  Several  attempts  were  made  to  reduce  the  delta-ferrite 
content  by  the  equalized  and  overaged  treatment  initially  given  to  forged  AM  355 
before  the  hardening  treatment.  These  attempts  were  unsuccessful  in  either 
reducing  the  delta-ferrite  content  or  improving  the  toughness.  All  of  these  heat 
treatments  involved  final  tempering  at  850°F  rather  than  1000°F  because  the 
higher  tempering  temperature  results  in  strength  levels  which  were  considered 
too  low  for  supersonic  transport  application.  The  tensile  and  fracture  data 
plotted  in  Fig.  19  show  the  austenite  conditioning  treatment  at  850°F  resulted  in 
superior  properties. 

The  microstructures  for  this  heat  treatment  are  shown  in  Fig.  28.  The  micro- 
structure  differs  from  the  standard  SCT  condition  in  that  more  austenite  is 
apparent  due  to  the  low  conditioning  treatment.  Delta  ferrite  islands  with 
M23^6  car>kides  precipitated  at  the  interface  with  the  austenite  are  also  shown 
in  Fig.  28.  These  carbides  result  in  a  brittle  interface  and  cause  the  lower, 
than  expected,  fracture  toughness. 
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Maraging  250 

The  three  heat  treatments  chosen  consisted  of  the  standard  900°F  age,  an  850°F 
under-age  and  a  950°F  over-age.  It  was  thought  that  the  950°F  over-age  would 
provide  a  slightly  lower  strength  with  increased  toughness  over  the  standard 
heat  treat.  However,  the  950°F  over-age  increased  the  strength  and  toughness 
slightly.  The  toughness  for  the  three  heat  treatments  as  shown  by  precracked 
Charpy  specimens  was  lower  than  the  other  alloys  previously  tested.  Prelimin¬ 
ary  work  indicated  that  a  higher  annealing  temperature  would  provide  lower 
strength  and  increased  elongation.  Two  additional  heat  treatments  were  tried 
involving  higher  annealing  temperatures  at  1700°F  and  aging  at  950°F  and  1050°F. 
The  950°F  age  resulted  in  strengths  above  the  previous  data  with  the  same  rela¬ 
tive  precrack  Charpy  toughness.  The  105 0°F  age  resulted  in  a  decrease  in 
strength  and  a  marked  increase  in  toughness  (Fig.  20).  This  microstructure 
showed  some  reversion  to  austenite  as  shown  in  Fig.  20.  This  1050°F  age  was 
the  heat  treatment  selected  as  the  optimum.  Mechanical  properties  are  included 
in  Table  5. 

Inco  718 

Preliminary  work  showed  that  the  standard  heat  treatment  did  not  provide  the 
expected  properties  shown  by  other  typical  heats.  Conversations  with 
Huntington  Alloys,  the  alloy  producer,  together  with  the  supplied  data  suggested 
higher  solution  annealing  temperatures  and  higher  aging  temperatures  than 
normally  used  would  yield  increased  strength  and  toughness  over  that  of  stan¬ 
dard  heat  treat.  Tnis  was  verified  by  the  testing  done  for  this  project.  Solution 
annealing  at  1975°F  and  aging  at  1400°F  proved  to  provide  optimum  properties 
as  shown  in  Table  I  and  Fig.  3. 

Ti  6A1-4V 

The  strength  level  of  Ti  6A1-4V  depends  on  the  temperature  of  solution  treating 
which  determines  the  amount  of  beta  phase  formed.  The  higher  recommended 
solution  treating  at  175 0°F  enables  greater  response  during  subsequent  aging. 

For  a  solution  treatment  at  1750°F,  lower  aging  temperatures  in  the  range  of 
900°F  yield  higher  strengths.  Discussions  with  alloy  producers  indicated  that  a 
slightly  over-aged  condition  would  provide  the  maximum  toughness  for  a  given 
strength  level.  Most  of  the  data  found  in  the  literature  involved  heat  treatments 
yielding  high  strengths  and  poor  toughness.  Three  heat  treatments  listed  in 
Table  7  were  chosen  with  solution  temperature  at  1725°F,  1650°F  and  1550°F 
which  provided  three  levels  of  strength  after  aging  at  1100°F  with  corresponding 
differences  in  precracked  Charpy  toughness.  The  heat  treatment  at  1650°F  with 
the  intermediate  strength  level  was  considered  the  optimum  for  strength  r”  d 
toughness  as  shown  in  Table  7  and  Fig.  22.  The  microstructure  for  this  heat 
treatment  is  shown  in  Fig.  31. 

Ti  6Al-6V-2Sn  STA 

Solution  treated  and  aged  heat  treatments  for  the  Ti  6Al-6V-2Sn  alloy  involved 
similar  considerations  to  that  of  the  Ti  6A1-4V.  Previous  experience  showed 
the  high  strength  level  to  have  poor  toughness.  Heat  treatments  were  chosen 
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that  resulted  in  lower  strength  levels.  The  structures  obtained  were  considered 
to  be  slightly  over-aged.  The  variation  in  strength  was  not  great,  therefore, 
the  heat  treatment  providing  the  highest  precracked  Charpy  toughness  was  selec¬ 
ted  as  optimum.  The  optimum  heat  treatment  involved  solution  treating  at 
1575°F  and  aging  at  1200°F.  The  three  trial  heat  treatments  and  resulting  prop¬ 
erties  are  shown  in  Table  !)  and  Fig.  24. 

Ti  6Al-6V-2Sn  ANN 

Data  from  the  literature  was  extremely  limited  on  various  annealing  treatments 
of  Ti  6Al-6V-2Sn.  The  standard  mill  anneal  consisted  of  heating  to  1300°F  for 
two  hours  and  air  cooling.  A  1400°F  anneal  has  also  been  reported  in  the  liter¬ 
ature  by  some  alloy  producers.  The  effect  of  furnace  cooling  has  been  found  to 
be  significant  in  changing  the  toughness  of  other  titanium  alloys  and  was  chosen 
as  another  variable.  The  three  heat  treatments  were  1300°F  air  cool,  1300°F 
furnace  cool  and  1400°F  air  cool.  The  tensile  and  precracked  Charpy  test  data 
proved  the  standard  mill  anneal  to  be  the  optimum  process  as  shown  in  Table  8 
and  Fig.  23. 

PH  13-8Mo 

Tensile  and  precracked  Charpy  specimen  data  provided  by  Armco  for  PH  13- 
8Mo  was  used  in  the  selection  of  the  four  heat  treatments  listed  in  Table  10. 

The  solution  anneal  at  1700°F  resulted  in  the  best  toughness-strength  relation¬ 
ship  regardless  of  the  aging  conditions.  Aging  temperatures  in  the  neighbor¬ 
hood  of  1000°F  seemed  to  be  the  most  likely;  therefore,  950°F,  1000°F,  and 
1025°F  were  selected.  The  relative  toughness  as  measured  by  the  precracked 
Charpy  specimens  was  rather  low  for  the  950°F  and  1000°F.  At  1025°F  the 
toughness  increased  considerably  with  little  drop  in  tensile  yield  strength 
although  the  drop  in  ultimate  strength  was  somewhat  greater.  Fig.  25  indicates 
the  very  little  change  in  properties  for  heat  treatments  A,  E,  and  C  tempered 
at  950°F  and  1000°F.  Heat  treatment  D  shows  the  sudden  increase  in  toughness 
with  only  a  25°F  increase  in  tempering  temperature. 
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SECTION  7  CENTER-NOTCHED  SPECIMENS 


TEST  PROCEDURE 

Center-notch  fracture  toughness  tests  were  conducted  for  each  alloy  in  its 
optimum  heat  treat  condition.  Three  thicknesses,  with  the  other  dimensions 
compatible  with  recommended  ASTM  proportions  and  block  dimensions,  were 
tested  at  four  temperatures.  Table  11  shows  a  general  outline  of  specimen 
dimensions  and  test  details. 

TABLE  11  CENTER  NOTCH  SPECIMEN  DETAILS 


THICKNESS 

(Inches) 

WIDTH 

(Inches) 

LENGTH 

(inches) 

GRAIN 

DIRECTION 

FATIGUE 

CRACK 

LENGTH 

(inche.) 

TEST 

TEMPERATURE 

°F 

3/16 

3.0 

9.0 

T  AND  L 

1.0 

-110,  RT,  400,  650 

3/8 

6.0 

24.0 

L 

2.0 

-110,  RT,  400  650 

1.00 

9.0 

24.0 

L 

3.0 

-110,  RT,  40C,  650 

Specimen  drawings  are  shown  in  Figs.  35,  36  and  37. 

Fatigue  Crack  Growth 

All  center-notch  specimens  were  fatigue-cycled  so  that  K  =  26,400  when  2aj 
grew  to  2aQ  (some  exceptions  were  made  and  are  discussed  below).  It  was  felt 
that  this  would  assure  a  consistent  crack  tip  sharpness  in  all  specimens. 

For  each  specimen  thickness,  the  fatigue  crack  extension  was  approximately 
equal  to  three-fourths  of  the  panel  thickness.  Fatigue  crack  details  for  the 
center-notch  specimens  are  shown  in  Table  12. 

The  3/16  x  3  x  9-inch  specimens  were  cycled  in  a  Sonntag  Universal  Test 
Machine,  Model  SF10U.  All  3 /16-inch  thick  specimens  except  Ti  6Al-6V-2Sn 
STA  were  cycled  at  ffYAT  =  19840.  Since  Charpy  tests  indicated  Ti  6A1-6V- 
2Sn  STA  was  relatively  brittle,  the  stress  was  reduced  to  13250  psi  to  avoid 
possible  specimen  failure  while  fatigue  cracking.  Surface  fatigue  cracks  were 
observed  and  measured  with  a  50X  Gaertner  Microscope. 

All  3/8  x  6  x  24-inch  specimens  were  cycled  in  a  Riehle-Los  hydraulically 
actuated,  nonresonant,  fatigue  test  machine.  Due  to  certain  operating  char¬ 
acteristics,  cycling  for  all  specimens  was  initially  at  120  cpm  then  continuously 
increased  to  600  cpm.  Ti  6Al-6V-2Sn  STA  and  annealed  specimens  were  load- 
cycled  at  a  lower  stress  to  avoid  possible  specimen  failure.  Surface  fatigue 
cracks  were  observed  with  a  3X  magnifying  glass  and  measured  with  a  steel 
scale. 

All  1. 0  x  9  x  24-inch  specimens  were  fatigue  cracked  in  a  350-kip  resonant- 
beam  fatigue  machine.  All  titanium  specimens  were  cycled  at  a  lower  stress 
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FIG.  36  3/8  INCH  CENTER  NOTCH  SPECIMEN 


TABLE  12  FATIGUE  CRACK  DETAILS 


NOM’NAL 

THICKNESS 

(inch**) 

WIDTH 

(Inches) 

2a 

i 

(inches) 

2a 

o 

(inches) 

°FAT. 

psi 

R 

K 

ps i  y  inches 

MACHINE 

CYCLE 

RATE 

cpm 

3/16 

3.0 

.85 

1.0 

19840(fe) 

(13250) 

.05 

26,400 

(17,600) 

SF10U 

1800 

3/8 

6.0 

l-70,  , 

(2.oi° 

2.0 

(2.30) 

14000 

<9350)(b) 

.05 

26,400 

(17,600) 

RIEHLE- 

LOS 

120  TO 

600 

1.00 

9.0 

2.3 

3.0 

11500 

(7700)<b) 

.05 

26,400 

(17,600) 

350  KIP 

MACHINE 

1375  ±25 

(1100+25) 

(a)  MACHINE  NOTCHES  WERE  ACCIDENTALLY  CUT  OVERSIZE  IN  3/8  x  6  x  24-INCH  INCONEL 

SPECIMENS:  2a.  2.0  INCHES,  2aQ  2.30  INCHES. 

(b)  CERTAIN  SPECIMENS  WERE  TESTED  UNDER  A  LOWER  STRESS  AND  ARE  DISCUSSED  BELOW. 


for  the  same  reason  mentioned  above.  The  cyclic  rate  for  the  titanium  speci¬ 
mens  was  lower  due  to  lowei  LOAD  requirements.  Surface  crack  lengths 
were  observed  and  measured  with  a  3X  magnifying  glass  and  a  steel  scale.  All 
fatigue  cracks  on  the  1  x  9  x  24-inch  specimens  were  averaged  from  readings 
made  on  both  sides  of  a  given  specimen.  A  photograph  of  the  test  setup  is 
shown  in  Fig.  38. 

All  force  sensing  equipment  used  for  measuring  cyclic  loads  were  calibrated 
against  load  cells  whose  calibrr  ^on  was  directly  traceable  to  National  Bureau 
of  Standards  load  cells. 

All  center-notch  specimens  (3/16,  3/8,  and  1.0  inch  thick)  were  loaded  to 
failure  at  a  gross  area  stress  rate  of  150,000  psi/min  applied  through  pin- 
ended  grips.  All  specimen  cracks  were  photographed  to  the  time  of  failure 
except  for  four  specimens.  Initially  it  was  anticipated  that  crack  lip  displace¬ 
ments  would  be  used  to  determine  critical  crack  lengths  (initial  fatigue  crack 
length  plus  slow  growth).  However,  since  net  section  yielding  occurred  at 
room  temperature  in  the  four  4340,  3/16-inch  specimens,  and  might  well  occur 
in  future  specimens,  motion  picture  photography  was  used  thereafter. 

Black  and  white  film,  16mm,  ASA  125,  at  24  fps  was  used  initially  on  several 
specimens;  it  was  then  replaced  with  35mm  film  (of  the  same  type)  in  order  to 
improve  image  resolution.  A  steel  scale  was  taped  to  the  specimen  in  the  field 
of  view  of  the  camera  so  critical  crack  lengths  could  be  measured  directly. 

All  -110°  F  specimens  were  brought  to  temperature  and  held  there  by  controlling 
the  flow  of  liquid  nitrogen  to  the  specimen  cold  chambers.  A  photograph  of  the 
test  setup  and  double  window  cold  chamber  for  the  3/8- inch  thick  specimen  is 
shown  in  Fig.  39. 

Negative  test  temperatures  were  measured  on  calibrated  stamping  recorders 
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using  chromel-alumel  thermocouples ,  A  minimum  of  three  thermocouples  was 
used  on  all  -110°  F  specimens.  The  specimens  were  soaked  at  temperature  for 
a  minimum  time  of  15,  30,  and  45  to  60  minutes  for  the  3/16,  3/8,  and  1.0-inch 
specimens,  respectively,  or  until  all  thermocouples  averaged  out  to  -110° F. 
Temperatures  were  maintained  to  ±  5°  F. 

Specimens  at  400°  F  and  650°  F  were  brought  to  temperature  and  maintained  with 
control  thermocouples  and  an  ignitron  controlled  radiant  heat  system.  Photo¬ 
graphs  of  the  systems  used  on  the  3/16  and  1.0-inch  thick  specimens  are  shown 
in  Figs.  40  and  41. 

Test  temperatures  were  measured  on  calibrated  stamping  recorders  using 
chromel-alumel  thermocouples.  A  minimum  of  four,  five,  and  six  thermo¬ 
couples  were  used  on  the  3/16,  3/8,  and  1.0- inch  thick  specimens,  respectively. 
Temperatures  were  maintained  to  ±  5°  F. 

Pop-in  Detection 

Pop-in  is  a  term  used  to  describe  rapid,  discontinuous  crack  extension.  To 
detect  this  phenomenon,  four  different  systems  were  investigated: 

1)  Load  versus  crack  lip  displacement  or  yawning; 

2)  An  accelerometer; 

3)  Strain  gages  near  a  crack  tip; 

4)  Load  measurement  with  a  high-response  galvanometer  using  a  time-based 
oscillograph. 

From  the  investigation  it  was  found  that  the  most-to-least  sensitive  systems 
were  2,  3,  1,  and  4  respectively.  Systems  1  and  2  were  used  in  this  program 
because:  Load  versus  crack  displacement  curves  have  been  satisfactorily  used 
by  other  investigators;  yawning  could  be  correlated  to  crack  length  for  elastic 
specimens  and;  the  accelerometer  was  by  far  more  sensitive  than  any  extenso- 
meter  available.  In  fact,  an  investigation  previously  conducted  on  center 
notched  specimens  of  7178-T6  aluminum,  indicated  that  rapid,  discontinuous 
cracking  was  sensed  at  loads  where  the  load-versus-yawning  curves  appeared 
and  remained  linear.  Only  the  larger  pop- ins  were  also  detected  by  the  load- 
displacement  curve. 

For  each  test  specimen,  an  oscillograph  plot  of  load  versus  time  and  accelero¬ 
meter  output  versus  time  were  recorded. 

Calibrated  load-signals  were  obtained  from  load  cells  in  series  with  the  speci¬ 
men.  Output  from  a  Columbia  Research  Accelerometer,  Model  606-1-HT, 
was  conditioned,  amplified,  and  recorded  along  with  the  load  signal  on  a  Con¬ 
solidated  Electrodynamic  Oscillograph,  Model  5-124.  A  high-frequency  (2500 
cps)  galvanometer  was  used  to  graphically  reproduce  the  accelerometer  output. 

A  photograph  of  the  load  and  accelerometer  signal  conditioning  equipment  and 
oscillograph  is  shown  in  Fig.  40. 
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It  was  found  that  the  accelerometer  could  be  placed  anywhere  on  the  specimen 
load  path  without  significant  signal  attenuation.  For  room-temperature  speci¬ 
mens  the  accelerometer  was  placed  close  to  the  crack;  for  -110°  F,  400°  F,  and 
650°  F  tests  it  was  attached  outside  the  temperature  zone  on  the  line  of  action. 
Double-back  tape  beneath  the  accelerometer  foot  and  pressure  tape  against 
the  foot  adequately  held  it  in  position. 

All  3/16-inch  specimens  were  tested  in  a  120-kip  Baldwin  test  machine  as 
shown  in  Fig.  40.  Clamps  were  secured  0.3  inch  above  and  0.3  inch  below  the 
notch  centerline  and  on  the  specimen  longitudinal  centerline.  Attached  to  the 
clamps  were  chains ,  which  connected  to  a  Baldwin  TSMD  Dual  Range  Extenso- 
meter  below  the  test  section.  Shown  also  in  Fig.  40  is  the  load-displacement 
plotter,  load-accelerometer  equipment,  and  oscillograph.  The  accelerometer 
cm  be  seen  in  Fig.  40  on  the  top  grip  just  below  the  load  cell ;  for  high-tempera¬ 
ture  tests  the  accelerometer  was  placed  on  the  load  cell.  For  low- temperature 
testing  the  accelerometer  was  placed  on  the  lower  load  straps. 

In  general  the  test  setup  for  the  3/ 8-inch  thick  specimens  was  the  same  as  for 
the  3/16-inch  thick.  All  specimens  were  tested  in  a  300-kip  Baldwin  Test 
Machine.  Fig.  31  shows  the  low-temperature  setup  with  the  Extensometer  and 
accelerometer  below  the  cold  chamber. 

All  1.0-inch  center-notch  plates  were  tested  in  a  Boeing-made  1000-kip  hydraulic 
test  machine  shown  in  Fig.  41.  The  testing  procedure  was  the  same  as  for  the 
3/16-inch  and  3/8-inch  thick  specimens.  Crack  lip  displacement  was  measured 
with  a  calibrated  Daytronic  104  BSS-160  linear  variable  differential  transformer 
(LVDT) .  For  high  temperatures,  a  forced-air-cooled  stainless  steel  jacket 
was  placed  around  the  LVDT  core.  The  accelerometer  was  placed  on  a  grip 
plate  outside  the  temperature  zone.  It  was  considered  that  buckling  restraint 
was  unnecessary  because  of  the  low  width-to-thickness  ratios. 

EXPERIMENTAL  RESULTS 

Fracture  toughness  data  for  the  eight  alloys  are  listed  in  Tables  13  through  21. 
Plane-stress  critical-stress  intensity  values ,  ,  were  calculated  both  with 

and  without  the  plastic  zone  correction  factor.  Both  values  were  included  to 
show  the  effect  of  the  plastic  zone  correction.  Many  specimens  had  net  section 
stresses  at  or  above  the  yield  strength  and  at  this  point  the  worth  of  the  plastic 
zone  correction  is  questionable. 

Because  of  their  relevance  to  fracture  measurements,  the  average  yield  strength, 
net  section  stress,  and  net-stress  to  yield- strength  ratios  were  included  in  the 
tables.  Because  the  stress  intensity  values  tend  to  become  conservative  when 
the  ratio  increases  above  0. 8,  these  values  are  identified  in  the  tables  with  an 
asterisk. 
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The  critical  stress  intensity,  Kq,  values  were  calculated  from  Equation  (23)  of 
Section  4: 
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Stress  intensity  values  corrected  for  the  plastic  zone  at  the  tip  of  the  crack  are 
shown  in  the  tables  as  Kq/d\.  Calculations  were  made  using  Equation  (27)  of 
Section  4:  ^ 


KC(p) 


r8 


Kc 

2W(rys2 


1/2 


The  equation  was  solved  graphically  by  the  method  presented  by  the  ASTM 
Committee  on  Fracture  Testing  of  High-Strength  Materials. 


In  Fig.  42  through  50  the  stress  intensity  values ,  Kc ,  are  plotted  against  test¬ 
ing  temperature.  Variation  of  stress  intensity  with  thickness  is  also  shown  by 
including  the  3/16,  3/8,  and  1-inch  thick  panels  in  the  same  plot.  As  a  further 
reminder  that  some  of  the  data  are  conservative,  the  data  points  with  net-stress 
to  yield-stress  ratios  greater  than  0. 8  are  accompanied  by  a  vertical  arrow. 
Stress  intensity  values  corrected  for  the  plastic  zone  have  been  plotted  against 
test  temperature  in  Figs.  51  through  59.  In  several  instances  the  corrected 
values  were  extremely  high  because  of  high  net  section  stresses.  These  data 
were  too  high  to  plot  conveniently  and  since  it  was  of  doubtful  value  the  points 
were  not  plotted.  The  information,  however,  was  included  in  the  tables. 


Pop- in  loads,  determined  from  load-displacement  curves  and  load-accelero¬ 
meter-oscillograph  plots,  are  included  in  the  tables.  Typical  load-displacement 
curves  for  center-notch  specimens  tested  at  -110°  F,  room  temperature,  and 
400°  F  are  shown  in  Figs.  60,  61  and  62.  It  should  be  noted  that  all  center- 
notch  displacement  curves  are  essentially  crack  lip  displacement  curves.  Due 
to  the  finite  size  of  displacement  sensing  equipment,  all  measurements  were 
referenced  from  points  0.3  inch  above  and  below  the  notch  centerline  on  the 
specimen  longitudinal  centerline. 


A  load- time  trace  and  accelerometer-time  trace  is  shown  in  Fig.  63;  only  the 
portion  of  the  oscillograph  plot  where  pop-in  bursts  were  noted,  is  shown. 


Gross  area  stresses,  Tg,  were  also  included  in  the  tables.  Since  the  net- 
stress  to  yield-stress  ratios  were  so  high  for  most  of  the  3/16- inch  panels, 
the  gross  area  stress  or  residual  strength  was  plotted  against  test  temperature 
in  Figs.  64  through  72.  It  was  felt  that  residual  strengths  for  these  panels 
were  of  more  significance  than  stress  intensity  values.  Both  longitudinal  and 
transverse  data  were  included  in  the  same  plot  to  compare  the  effect  of  grain 
direction  on  toughness. 


Another  measure  of  relative  toughness  made  on  the  center  notched  specimens 
was  the  percent-of- shear  zone  on  the  fracture  face.  The  procedure  recommended 
by  the  ASTM  Fracture  Committee  was  to  make  the  measurement  at  a  point 
between  one  and  two  thicknesses  from  the  specimen  edge.  In  this  study,  the 
line  of  measurement  was  taken  at  twice  the  thickness  from  the  panel  edge. 

These  measurements  are  also  listed  in  the  tables . 


For  a  visual  comparison  of  fracture  characteristics,  photographs  of  the  3/8 
and  1-inch  thick  specimen  fracture  faces  are  included  in  Fig.  73  through  81. 
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FIG.  62  CENTER  NOTCH  SPECIMEN  LOAD  DISPLACEMENT  CURVES  AT  400 °F 


Specimen  numbers  were  lettered  on  the  saw  slot  portion  of  the  fracture  face  so 
that  test  temperature  could  be  determined  by  referring  to  the  tables.  The 
specimens  are  stacked  in  increasing  order  of  test  temperature  with  the  -110°  F 
specimen  being  on  the  bottom.  It  is  readily  seen  the  percent-of-shear  zone  in- 
r eases  with  test  temperature  for  each  alloy. 

DISCUSSION 

Plane  Stress  Determination 

The  variation  of  critical  stress  intensity  with  test  temperature  for  three  panel 
thicknesses  of  center-notched  specimens  is  shown  in  Figs.  42  through  50.  For 
most  alloys,  the  stress  intensity  values  varied  from  plane  strain  characterized 
by  almost  complete  flat  fracture  at  -110°  F  to  a  plane  stress  fracture  at  650°  F. 
The  transition,  shown  by  the  increase  in  shear  zone  was  illustrated  by  the 
photographs  of  center-notch  specimen  fracture  faces  in  Figs.  73  through  81. 

This  transition  caused  the  critical  stress  intensity  curves  to  generally  increase 
with  temperature.  In  most  instances  where  this  did  not  occur,  it  was  probably 
because  the  net  stress  to  yield  stress  ratio  had  increased  to  the  point  where  the 
stress  intensity  values  were  depressed.  This  phenomenon  is  illustrated  in  the 
Fifth  Report  of  the  Special  ASTM  Committee  on  Fracture  Testing  (Ref.  18) 
where  experimental  data  are  plotted  showing  the  decrease  from  actual  K^,  as 
the  net  stress  to  yield  stress  ratio  increases  above  approximately  0.8. 

The  ratio  generally  increased  as  panel  thickness  decreased,  and  presumably  the 
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FIG.  63  TYPICAL  LOAD-ACCELEROMETER  CENTER  NOTCH  TRACE 
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FIG.  64  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  4340 
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FIG.  65  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  9Ni-4Co 
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FIG.  66  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  AM  355 
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FIG.  67  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  MAR  AGING  250 
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FIG.  69  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  Ti  6AI-4V 
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FIG.  70  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  Ti  6AI-6V-2Sn  ANN 
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FIG.  71  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  T,  6AI-6V-2Sn  ST  A 
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FIG.  12  3/16  INCH  THICK  PANEL  RESIDUAL  STRENGTH  FOR  PH  13-8  Wo 
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FIG.  80  CENTER  NOTCH  PANEL  FRACTURE  FACES  OF  T,  6AI-6V-2Sn  ANN 
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higher  the  ratio,  the  more  conservative  the  Kq  value.  This  would  account  for 
the  fact  that  the  curves  of  Figs.  42  through  50  for  the  3/16-inch  thick  panels 
were  generally  highest  at  -110°  F  and  dropped  below  the  other  curves  as  the 
temperature  increased.  It  had  been  expected  that  stress  intensity  values  would 
decrease  as  panel  thickness  increased  for  AM  355  as  was  shown  by  Steigerwald 
and  Hanna  (Ref.  23).  The  alloy  most  closely  showing  this  relationship  was 
4340,  which  had  only  2  ratios  above  0.8.  The  Inco  718  with  all  ratios  above 
0.8  showed  a  complete  reversal  of  the  curves. 


The  stress  intensity  values  when  corrected  for  the  plastic  zone  as  shown  in 

Figs.  51  to  59  tend  to  be  higher  than  the  uncorrected  values  at  the  higher  tern- 

<T  N 

peratures.  It  is  evident,  when  comparing  the  Kq,  Kc(p)  anc* column  in 

Table  2,  that  the  plastic  zone  correction  is  only  significantly  large  when  the 
net  stress  to  yield  stress  ratio  is  large.  Therefore,  the  plastic  zone  correction 
probably  has  less  meaning  as  the  net  area  stress  increases  above  80  percent  of 
the  tensile  yield  strength. 


Plane  Strain  Stress  Intensity  Determination  from  Pop-In 

Plane  strain  stress  intensity  values  from  pop- in  measurements  on  the  center- 
notched  panels  were  disappointing.  The  pop-in  indications  obtained  are  listed 
as  Kic  in  the  tables  and  are  plotted  with  the  round- notched  data  in  Figs.  82 
through  90  to  show  the  correlation  of  K,  q  values  from  the  two  methods  of 
testing.  The  correlation  for  the  two  meuiods  is  only  fair,  even  at  low  tempera¬ 
tures  where  almost  complete  flat  fracture  occurred. 

It  is  possible  that  the  difference  in  location  of  specimens  within  the  large  forged 
block  contributed  to  the  variation  in  K^q  values.  Areas  of  the  blocks  from  which 
the  specimens  were  removed  are  shown  in  the  first  quarterly  report.  It  is 
probable,  however,  that  the  pop-in  technique  for  measuring  plane  strain  stress 
intensity  on  very  tough  alloys  will  be  of  limited  value.  Publish  data  (Ref.  24) 
showing  good  correlation  between  the  pop-in  method  and  notched  round  speci¬ 
mens  has  been  obtained  on  more  brittle  alloys  such  as  7075-T6.  It  is  probable 
that  the  lack  of  indications  is  a  result  of  the  high  toughness  of  the  alloys  tested. 
In  all  center  notch  tests  an  extensometer  and  an  accelerometer  were  used  to 
detect  pop-in.  Both  these  techniques,  especially  the  accelerometer  are  very 
sensitive.  Therefore  it  is  unlikely  that  any  discontinuous  cracking  was  not 
recorded. 

In  general  when  a  specimen  did  crack  discontinuously,  it  did  so  more  than  once. 
Pop-in  was  detected  as  many  as  nineteen  times  on  one  specimen.  Sometimes 
the  first  pop-in  was  small  and  other  times  large  as  shown  by  discontinuities  in 
load-displacement  curves  (Figs.  60  and  61).  Moreover,  these  rapid  bursts  of 
cracking  were  also  noted  by  the  accelerometer  as  shown  in  Fig.  63.  Even  more 
complicating  was  the  fact  that  the  accelerometer  practically  always  sensed 
small  pop-ins  at  lower  loads  where  the  load-displacement  curves  were  linear 
and  showed  no  discontinuities. 

A  relationship  between  pop- in  and  K-^q  may  exist.  However,  the  data  obtained 
from  the  center-notch  tests  were  not  conclusive.  For  comparison,  all  pop-in 
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FIG.  83  COMPARISON  OF  K]c  FROM  PANEL  " POP-IN "  AND  ROUND  NOTCH  TENSILE 
FOR  9  Ni-4  Co 
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FIG.  84  COMPARISON  OF  K ]Q  FROM  PANEL  " POP-IN "  AND  ROUND  NOTCH  TENSILE 
FOR  AM  355 
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FIG.  85  COMPARISON  OF  Klc  FROM  PANEL  " POP-IN "  AND  ROUND  NOTCH  TENSILE 
MARGING  250 
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FIG.  86  COMPARISON  OF  KjC  FROM  PANEL 
INCO  718 


‘POP-IN"  AND  ROUND  NOTCH  TENSILE  FOR 


200 


160 


/i 

V 

120 

I 

80 


40 


0 

-200  0  200  400  600  800 

TEST  TEMPERATURE  -  °F 

FIG.  87  COMPARISON  OF  K1C  FROM  PANEL  "POP-IN"  AND  ROUND  NOTCH  TENSILE 
FOR  Ti  6AI-4V 
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G.  88  COMPARISON  OF  K1C  FROM  PANEL  " POP-IN "  AND  ROUND  NOTCH  TENSILE  FOR 
Ti  6AI-6V-2Sn  ANN 
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FIG.  89  COMPARISON  OF  Klc  FROM  PANEL  " POP-IN "  AND  ROUND  NOTCH  TENSILE 
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loads  shown  in  the  tables  correlate  to  the  first  pop-in  detected  by  the  extenso- 
meter. 

There  is  considerable  variation  in  the  effect  of  temperatui  i  and  thickness  on 
the  individual  alloys.  Results  for  each  alloy  will,  therefore,  be  reviewed 
individually. 

4340 

In  this  alloy  only  the  3/16-inch  thick  specimens  at  higher  temperatures  had  net 
stress  to  yield  stress  ratios  above  0.8  (Fig.  42).  Therefore,  the  thickness 
effect  on  was  expected  with  increasing  thickness  lowering  the  values  toward 
the  plane  strain  condition.  The  3/8  and  1-inch  specimens  at  -110°  F  had  no 
measurable  shear  lip  and  are  approximately  the  same  value  and  may  be  re¬ 
garded  as  K,c.  The  martensitic  microstructure  in  this  alloy  has  resulted  in 
poor  toughness  at  -110°  F  after  which  there  is  a  constant  rise  with  temperature. 

Pop- in  indications  and  flat  fracture  data  plotted  with  the  round  notch  K-^q  curves 
(Fig.  82)  indicate  better  correlation  with  4340  than  with  most  of  the  other  alloys. 
However,  even  here  some  of  the  data  showed  wide  variations. 

Plastic  zone  correction  of  the  data  indicates  a  small  increase  in  Kq  values 
except  for  the  3/16-inch  thick  specimens  which  increased  rather  sharply. 

This  was  due  to  the  fact  that  the  net  stresses  were  high.  Residual  strength 
curves  of  the  3/16-inch  thick  specimens  show  the  same  general  characteristics 
as  the  Kc  data  with  little  variation  between  the  longitudinal  and  transverse 
grain  directions. 

9  Ni-4Co 

The  greater  toughness  of  this  alloy  has  resulted  in  high  net  stresses,  especially 
for  the  3/16  and  3/8-inch  thick  specimens,  as  indicated  by  the  number  of  arrows 
in  Fig.  43.  The  effect  of  increasing  Kg  values  with  decreasing  panel  thickness 
is  seen  at  -110°  F.  As  the  temperature  increased  the  net  stress  to  yield  stress 
ratio  increased  and  the  3/16-inch  values  appear  to  be  depressed. 

A  low  point  in  the  curve  appears  in  the  curve  at  the  400°  F  testing  temperature 
which  is  also  apparent  in  the  round-notched  data  and  as  an  increase  in  strength 
in  the  tensile  data. 

Plastic  zone  corrected  data  (Fig.  52)  indicates  an  extreme  increase  due  to  the 
very  high  net  stresses .  At  650°  F  the  values  become  so  high  they  were  not 
recorded. 

AM  355 

The  martensitic  microstructure  appears  to  have  resulted  in  low  toughness  at 
-110°  F.  The  values  for  the  three  thicknesses  are  approximately  the  same  and 
are  somewhat  below  vhe  round  notch  data  (Fig.  44) .  All  three  specimens 
also  had  zero  percent  shear  and  therefore  the  values  are  undoubtedly  values. 
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This  alloy  shows  a  very  rapid  rise  in  toughness  to  400°  F  and  a  subsequent  drop 
at  650°  F  which  is  very  similar  to  the  other  stainless  steel  PH  13-8Mo.  The 
reason  for  the  drop  is  not  known,  although,  as  described  in  the  test  procedure, 
the  specimens  spend  some  time  at  650°  F  under  a  negligible  load  and  a  micro- 
structural  change  is  doubtful. 

Plastic  zone  correction  results  in  exceptionally  high  values  at  higher  tempera¬ 
tures  (Fig.  53)  where  high  net  stress  occurred.  A  comparison  of  residual 
strength  of  the  3/16-inch  panels  reveals  a  wide  variation  between  the  longitu¬ 
dinal  and  transverse  grain  direction. 

AM  355  recorded  numerous  discontinuous  cracking  indications  both  on  the  load- 
displacement  curve  and  on  the  accelerometer  trace.  The  indications  determined 
as  valid  pop-in  are  shown  in  Fig.  84  with  the  average  curve  for  the  round  notch 
specimens  included  for  comparison.  Unfortunately  the  scatter  prevents  a 
satisfactory  correlation.  It  is  probable  that  the  variation  in  fracture  properties 
across  a  9  x  9-inch  cross-section  from  a  forged  block  would  result  in  some 
scatter.  However,  it  is  doubtful  that  this  v/ould  account  for  the  degree  of 
scatter  occurring  in  this  test  and  it  may  indicate  a  limitation  of  pop-in  data 
on  tough  alloys. 

Maraging  250 

An  increase  in  toughness  with  decreasing  thickness  is  seen  at  both  -110°  F  and 
room  temperature  (Fig.  45).  However,  as  net-stress  to  yield-strength  ratios 
became  large  at  higher  temperatures  the  thickness  effect  reversed.  Although 
the  ratios  above  0. 8  cause  a  flattening  of  both  the  3/16  and  3/8-inch  thick 
specimen  curves,  the  1-iDoh  tnick  specimen  curve  indicates  a  constant  increase 
of  toughness  with  temperature.  The  plastic  zone  correction  (Fig.  54)  has  re¬ 
sulted  in  the  toughness  curves  for  all  three  thicknesses  having  the  same  slope 
and  thickness  effect,  except  at  650°  F. 

There  were  relatively  fewer  pop-in  indications  with  this  alloy  and  the  ones  that 
occurred  were  at  lower  temperatures .  They  tended  in  general  to  be  above  the 
plane  strain  data  from  the  round  notch  specimens. 

Inco  718 

This  alloy  had  exceptionally  high  toughness  especially  at  low  temperatures.  The 
Kc  curves  for  the  three  thicknesses  of  specimens  showed  little  effect  from  test¬ 
ing  temperature  (Fig.  46).  The  curves  actually  tended  to  be  slightly  higher  at 
low  temperatures.  Table  17  indicates  that  the  net  stress  ratio  of  every  test 
was  above  0.8  and  therefore  conservative.  However,  the  ratios  increased  very 
little  with  increasing  temperature  and  it  is  probable  that  the  true  Kq  values 
would  not  be  affected  significantly  by  temperature.  This  was  the  omy  alloy  in 
which  the  data  indicates  the  toughness  increased  with  thickness.  This  may, 
however,  be  due  to  the  fact  that  all  the  data  were  conservative.  There  were 
only  three  pop- in  indications  (Fig.  86)  in  this  very  tough  alloy.  The  two  values 
at  650°  F  may  indicate  the  actual  trend  of  the  data. 
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All  values  above  room  temperature  were  conservative  and  are,  therefore, 
indicated  with  an  arrow  (Fig.  47).  This  is  because  of  the  rapid  decrease  of 
yield  strength  oetween  room  temperature  and  400°  F.  The  3/16-inch  thick 
panels  appear  to  have  depressed  values  over  the  whole  temperature  range. 
However,  the  3/8-inch  thich  specimens  show  a  higher  toughness  than  the  1-inch 
thick  specimens  to  above  400°  F . 

There  were  only  two  pop-in  indications  and  these  occurred  at  -110°  F.  One 
value  agreed  very  well  with  the  round  K,  c  values  and  the  other  was  somewhat 
high. 

Ti  6Al-6V-2Sn 

This  alloy  was  tested  in  both  the  heat  treated  and  annealed  conditions.  The 
fewer  number  of  STA  specimens  were  tested  at  only  the  extreme  temperature 
conditions  so  that  annealed  and  STA  curves  could  be  compared.  As  expected, 
the  annealed  toughness  was  greater  at  -110°  F;  however,  the  values  were  very 
sim^ar  at  650°  F  (Figs.  48  and  49).  The  annealed  data  indicated  a  decrease 
in  toughness  from  400°  F  to  650°  F  as  did  the  Ti  6A1-4V. 

Both  conditions  showed  an  increase  of  toughness  with  thickness  at  -110°  F  and 
a  complete  reversal  at  650°  F.  Again  this  was  probably  due  to  the  high  net 
stresses  at  high  temperatures. 

There  were  a  number  of  pop-in  indications  for  the  alloy  in  both  heat  treated 
and  annealed  conditions  showing  fair  correlation  with  q  from  the  round 
notch  data.  A  number  of  the  indications  were  readily  observable  on  the  fracture 
faces  (Fig.  79). 

Residual  strength  properties  of  the  STA  condition  (Fig.  71)  indicate  very  little 
directionality  of  fracture  properties. 

PH  13-8Mo 

This  alloy  behaved  similarly  to  the  AM  355  stainless  steel.  The  three  thick¬ 
nesses  of  specimens  exhibited  low  fracture  toughness  at  -110°  F  with  the  3/8 
and  1-inch  specimens  rising  rapidly  to  400°  F.  Above  400°  F  there  appears  to 
be  a  slight  drop-off  with  testing  temperature  (Fig.  50). 

Below  400°F  the  Kq  values  increase  as  the  thickness  decreases.  As  in  most 
of  the  other  alloys  the  trend  reverses  at  high  temperatures  as  the  net-stress 
to  yield-stress  ratio  increases  above  0.8. 

Numerous  indications  of  discontinuous  cracking  were  recorded  for  this  alloy; 
as  occurred  in  the  AM  355.  Those  indications  which  were  determined  to  be 
valid  pop- ins  were  plotted  with  the  average  round  notch  K,^  curves  in  Fig.  90. 
In  this  case  there  is  a  fair  correlation  with  most  of  the  indications. 
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Residual  strength  properties  of  the  3/16- inch  thich  specimens  (Fig.  72)  reveal 
longitudinal  grain  direction  to  have  higher  fracture  toughness  than  the  trans¬ 
verse  grain. 

ELECTRON  FRACTOGRAPHY 

Fractographic  studies  have  proven  useful  in  relating  test  results  to  the  fracture 
surface  of  specimens  (Ref.  25).  The  fracture  surface  exhibits  a  topography 
characteristic  of  the  mode  of  failure  during  propagation  of  the  crack.  The 
electron  microscope  with  its  high  resolution  and  depth  of  field  can  be  used  to 
great  advantage  in  this  type  of  analysis.  Therefore,  an  electron  fractographic 
survey  was  conducted  on  each  of  the  four  most  promising  alloys  of  this  program. 

Replication  Technique 

Replicas  in  this  survey  were  prepared  utilizing  the  two-step  cellulose  acetate 
film  method  outlined  below. 

1)  The  fracture  faces  of  each  specimen  had  been  protected  by  acrylic  lacquer 
spray  soon  after  testing.  Therefore,  the  surface  was  cleaned  by  softening 
pieces  of  cellulose  acetate  in  acetone  and  pressing  them  against  the  fracture 
surface  and  allowing  them  to  dry.  When  the  film  was  stripped  off,  the 
foreign  material  on  the  surface  was  removed. 

2)  A  piece  of  acetate  film  wetted  with  a  replicating  solution  of  acetone  with  some 
dissolved  cellulose  acetate  was  applied  to  the  fracture  face.  The  acetone 
softens  and  partially  dissolves  the  film  which  when  pressed  against  the 
surface  forms  a  plastic  negative.  The  film  was  allowed  to  dry  under  pressure 
and  stripped  carefully  from  the  surface. 

3)  A  positive  replica  was  prepared  from  the  plastic  negative  by  first  shadowing 
with  germanium  at  approximately  45°  .  Then  carbon  was  deposited  normal 
to  the  surface  in  a  vacuum  evaporator.  The  replicas  were  so  oriented  that 
the  germanium  shadowing  direction  was  parallel  to  the  general  direction  of 
crack  propagation  to  aid  in  orientation  of  the  picture. 

4)  Small  1/8- inch  squares  were  cut  from  the  replica  in  the  regions  of  interest 
and  the  cellulose  acetate  was  dissolved  slowly  in  a  mixture  of  acetone  and 
distilled  water.  After  the  carbon  replica  had  floated  free,  it  was  transferred 
to  pure  acetone  and  allowed  to  wash  for  a  few  hours.  Specimen  preparation 
was  completed  when  the  carbon  replica  was  placed  on  a  copper  grid  for 
viewing. 

Effect  of  Temperature 

In  order  to  determine  the  effect  of  test  temperature  on  the  mode  of  fracture,  the 
3/8-inch  thick  center  notched  panels  were  selected.  Specimens  of  9  Ni-4Co, 
Maraging  250,  Inco  718,  and  Ti  6A1-4V  at  each  of  the  four  test  temperatures 
were  replicated  as  described  above. 
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The  mechanism  of  the  formation  of  dimples  on  the  fracture  surface  of  ductile 
alloys  has  been  well  documented  (Refs .  26  and  27) .  The  dimples  are  the 
result  of  plastic  fracture  in  which  microvoids  form  and  coalesce  into  rounded, 
smooth  concave  depressions.  Thus  ductile  rupture  results  in  what  has  been 
termed  dimples  on  the  plastic  replica. 

The  replicas  in  each  case  were  taken  from  the  slow  growth  area  at  the  center 
of  the  panel  thickness,  adjacent  to  the  fatigue  crack.  This  was  an  area  of 
apparent  plane  strain  in  even  the  -ughest  specimens.  The  fractrographs  of 
each  of  the  alloys  was  characterized  by  dimples  of  varying  sizes. 

The  size  of  the  dimples  tends  to  increase  with  testing  temperature  (Figs.  91, 

92,  93  and  94);  with  a  sudden  large  increase  occurring  between  400°  F  and  650°  F. 
Even  Inco  718,  which  showed  very  small  dimples  throughout  the  temperature 
range,  showed  considerable  change  between  400°  F  and  650°  F.  In  this  respect 
it  was  of  interest  to  note  that  the  toughness  values  for  the  Inco  718  decreased 
with  temperature  (Fig.  46).  However,  the  yield  strength  also  decreases, 
which  may  have  more  relevance  to  dimple  size. 

Ti  6A1-4V  exhibits  a  much  larger  dimple  size  than  the  other  alloys  investigated. 
At  650°  F,  the  size  had  become  so  large  (Fig.  94)  that  individual  dimples  almost 
covered  the  field  of  vision  of  the  photograph. 

Effect  of  Crack  Growth  Rate 

Several  of  the  alloys  displayed  surface  markings  indicative  of  discontinuous 
cracking.  Electron  fractography  was  employed  in  an  attempt  to  relate  the 
fracture  topography  to  the  fracture  test  results.  The  4340  room-temperature 
specimen  (CA88)  was  selected  because  it  displayed  several  readily  discernible 
zones  of  fracture  (Fig.  96)  and  its  load-displacement  curve  gave  a  clear  pop-in 
indication. 

The  load-displacement  curve  (Fig.  95)  showed  the  linear  elastic  loading  portion 
of  the  curve  up  to  point  A  after  which  slow  growth  occurred  to  point  B.  Rapid 
unstable  crack  growth,  referred  to  as  pop- in,  then  occurred  between  B  and  C. 
The  pop-in  indication  was  recorded  both  by  extensometer  and  by  accelerometer. 
After  pop-in,  the  crack  again  entered  a  zone  of  slow  stable  growth  under  load 
to  point  D.  At  this  point  the  crack  again  became  unstable  and  final  rapid  failure 
occurred. 

An  electron  fractograph  of  the  fatigue  zone  (1)  in  Fig.  96  revealed  the  typical 
transgranular  appearance  with  faint  fatigue  striations  (Fig.  97 A).  Several 
areas  of  intergranular  crack  propagation  were  also  visible.  The  interface 
between  the  fatigue  zone  (1)  and  the  slow,  stable  crack-growth  zone  (2)  is 
shown  in  Fig.  97B.  The  slow-growth  area  at  the  lower  side  of  the  interface 
was  characterized  by  a  dimpled  region.  The  slow  crack-growth  zones  (2)  and 
(4)  were  characterized  by  a  dimpled  structure  shown  in  Fig.  97C.  The  rapid 
crack  growth  regions  (3)  and  (5)  revealed  intergranular  areas  associated  with 
the  dimples  (Fig.  97D). 
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FIG.  95  LOAD-DISPLACEMENT  CURVE  OF  4340  CENTER  NOTCH  CA 88  SPECIMEN 
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FIG.  96  MACROGRAPH  OF  CA88  SPECIMEN  WITH  SURFACE  MARKINGS  INDICATIVE  OF 
DISCONTINUOUS  CRACKING 
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SECTION  8  ROUND-NOTCHED  SPECIMENS 


TEST  PROCEDURE 


Specimen  Details 


Fatigue- crackea  notch  tensile  specimens  shown  in  Fig.  98  were  used  to  deter¬ 
mine  plane-strain  fracture  toughness.  The  specimens  have  a  1-1/8  inch  major 
diameter  with  a  ratio  of  net-to-major-diameter  after  fatigue  cracking  of  approx¬ 
imately  0.7.  This  ratio  result,  in  minimum  net  section  yielding  and  small  var¬ 
iations  in  the  ratio  do  not  sign  •  .lcantly  affect  the  toughness  equation  parameters. 


At  the  beginning  of  the  program,  it  was  realized  that  the  1-1/8  inch  diameter 
specimen  might  not  be  large  enough  to  avoid  excessive  net  section  yielding  in 
all  tests.  Therefore,  the  program  was  planned  so  that  additional  specimens  of 
a  larger  diameter  could  be  run  if  excessive  yielding  occurred  in  some  of  the 
tests.  As  it  turned  out,  excessive  yielding  occurred  in  many  of  the  specimens 
and  2-3/4  inch  diameter  specimens  were  tested  where  needed. 


Other  plans  considered  at  the  beginning  of  the  program  were  to  increase  the 
size  of  the  specimens.  However,  a  1-1/8  inch  diameter  was  as  large  as  could 
be  removed  from  the  short  transverse  direction  and  still  retain  a  reasonable 
length  to  diameter  ratio.  Also  increasing  the  size  of  the  specimens  would  have 
curtailed  the  quantity  of  data  because  of  the  high  cost  of  testing  larger  speci¬ 
mens.  Varying  the  specimen  size  to  suit  the  alloy  and  test  temperature  was 
also  considered.  However,  adequate  data  were  not  available  to  do  this.  Be¬ 
sides,  consistent  specimen  size  was  desirable  so  that  the  data  would  be  more 
comparable. 


The  billet  location  of  the  specimens  is  shown  in  the  material  section  of  the  re¬ 
port.  The  specimen  blanks  were  sawed  from  the  billet,  rough  machined  to  a 
1-3/16  inch  diameter  cylinder,  heat  treated,  and  then  finish  machined.  The 
notches  were  machined  by  form  grinding  to  a  fine  finish  to  facilitate  viewing  of 
the  fatigue  crack.  The  exact  dimensions  of  each  specimen  are  listed  in  the 
test  data  tables. 


Fatigue  Cracking 


The  specimens  were  fatigue  cracked  in  a  Sonntag  SF-10-U  fatigue  machine 
equipped  with  a  5:1  load  multiplier  (Fig.  99)  and  a  Riehle-Los  hydraulic  fatigue 
machine.  Specimens  were  cycled  axially  at  a  load  equivalent  to  one-third  of 
the  yield  strength  in  the  net  section  with  an  R  of  0. 05.  This  value  of  stress  was 
used  to  minimize  the  plastic  zone  size  at  the  crack  tip  and  to  reduce  the  danger 
of  specimens  failing  during  fatigue  cracking.  This  loading  produced  adequate 
cracking  in  6,  000  to  10,000  cycles  for  all  the  alloys  except  AM  355  and  Inco 
718.  A  larger  number  of  cycles  were  required  for  these  two  alloys  because  of 
the  low  loading  resulting  from  low  yield  strengths.  Specimens  were  rotated 
120°  at  least  three  times  during  cycling  to  improve  uniformity  of  crack  depth 
around  the  notch  circumference. 


Crack  propagation  was  observed  with  an  alignment  telescope  and  a  stroboscopic 
light  timed  to  flash  at  maximum  crack  opening.  Care  had  to  be  taken  to  stop  the 
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fatigue  propagation  at  the  proper  time.  When  cracking  was  extended  too  long, 
the  crack  depth  around  the  notch  circumference  tended  to  become  less  uniform 
If  cycling  was  stopped  too  soon,  uncracked  areas  would  be  left  in  the  notch  roo. . 

In  AM  355,  many  fine  cracks  formed  in  the  notch  root  and  gave  the  false  appear¬ 
ance  of  adequate  cracking,  so  a  number  of  the  AM  355  specimens  contained  un¬ 
cracked  areas.  Most  of  the  specimens  had  crack  depths  in  the  range  of  0.030 
to  0.060  inch. 

Fracture  Testing 

The  specimens  were  fracture  tested  in  a  Tinius-Olsen  440, 000- pound  capacity 
test  machine  (Fig.  100)  and  a  300,000-pound  capacity  Baldwin  test  machine. 

The  load  was  applied  through  pin  ended  members,  which  screwed  on  to  the  speci¬ 
men.  The  loading  pins  were  maintained  at  right  angles  to  each  other  to  mini¬ 
mize  loading  eccentricities.  Displacement  across  the  notch  was  measured 
with  an  extensometer  and  recorded  with  load. 

The  extensometer  arms  were  attached  by  means  of  wire  loops  spot  welded  to  the 
notch  edge  (Fig.  101).  This  method  of  attachment  permitted  measurement  di¬ 
rectly  at  the  notch.  At  specimen  failure,  the  arms  slipped  out  of  the  loops  thus 
avoiding  damage  to  the  extensometer.  High  sensitivity  was  attained  by  using  an 
arm  pivot  arrangement  which  produced  a  displacement  magnification  of  two. 

Cooling  for  the  -110°  F  tests  was  accomplished  by  enclosing  the  specimen  in  an 
environmental  box  and  injecting  liquid  nitrogen  in  the  airstream  ot  an  enclosed 
circulation  blower.  A  temperature  within  ±5°  F  of  the  test  temperature  was 
maintained  by  metering  the  nitrogen  flow  by  a  flow-control  valve  actuated  by  a 
control  thermocouple.  For  the  400  and  650°F  tests,  an  environmental  box  was 
again  utilized  to  house  the  specimen.  Pressurized  air  flowing  through  electrical 
resistance  heated  tubes  and  ducted  to  the  box  was  used  to  heat  the  specimen.  A 
control  thermocouple  and  an  ignitron  maintained  a  temperature  within  ±5°  F  of 
the  test  temperature.  Fig.  102  shows  the  heating  and  cooling  system  in  detail. 
Four  thermocouples  were  employed  during  each  test  to  ensure  a  unifc  rm  speci¬ 
men  temperature. 

The  edge  of  the  fatigue  crack  was  clearly  distinguishable  on  the  fractured  sur¬ 
face  and  the  crack  diameter  was  measured  using  a  jeweler's  magnifying  glass 
and  a  6  inch  machinists'  scale  in  0.01  inch  graduations.  Four  equally  spaced 
diameter  measurements  were  made  on  the  fracture  face  in  determining  the 
average  net  diameter.  The  individual  measurements  were  accurate  to  ±0.002 
inch.  The  average  net  diameter  of  each  specimen  is  listed  in  Tables  22  through 
30.  The  toughness  calculations  were  based  on  the  fatigue  crack  diameter. 

Testing  Procedures ,  2-3/4  Inch  Notched  Rounds 

The  specimens  (Fig.  103)  were  fatigue  cracked  and  fractured  in  a  1,000-kip 
vertical  hydraulic  test  machine,  (Fig.  104).  Loads  were  applied  through  pin- 
ended  members  screwed  to  the  specimen.  Load  eccentricities  were  minimized 
through  the  universal  joint  design  of  the  test  machine.  The  specimens  were 
cycled  at  loads  equivalent  to  one-third  to  one-fifth  the  yield  stress.  The  stress 
was  reduced  to  one-fifth  yield  stress  on  some  specimens  to  reduce  the  danger 
of  failure  during  fatigue  cracking.  This  loading  produced  adequate  cracking  in 
3,000  to  25,000  cycles. 
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TABLE  24  ROUND  NOTCH  TENSILE  DATA  FOR  AM  355 
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TABLE  25  ROUND  NOTCH  TENSILE  DATA  FOR  MARAGING  250 
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CYCLING  RATE  WAS  1800  cpm 
FRACTURE  TEST  LOADING  RATE  WAS  150  ksi-min. 
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FATIGUE  DATA: 

MAX.  CYCLING  STRESS  APPROXIMATELY  47  ksi,  7000  TO  8000  CYCLES  *THESE  RATIOS  ARE  ABOVE  1.1  LIMIT  RECOMMENDED 

R  =  .05  BY  THE  ASTM  COMMITTEE  FOR  FRACTURE  TOUGHNESS 

CYCLING  RATE  WAS  1800  cpm 
FRACTURE  TEST  LOADING  RATE  WAS  150  ksimin. 
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TABLE  30  ROUND  NOTCH  TENSILE 
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CYCLING  RATE  WAS  1800  cpm  ‘THESE  RATIOS  ARE  ABOVE  THE  1.1  LIMIT  RECOMMENDED  BY 

FRACTURE  TEST  L(j)  -,NG  RATE  WAS  150  ksi-min.  ASTM  COMMITTEE  FOR  FRACTURE  TOUGHNESS 
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Crack  extension  was  viewed  with  a  50x  Gaertner  microscope.  The  specimens 
were  rotated  every  2000  to  4000  cycles  to  help  produce  uniform  cracking. 

Cooling  and  heating  of  the  specimens  was  accomplished  using  liquid  nitrogen 
and  radiant  heat  as  i’iscussed  in  the  test  procedure  for  center-notched  specimens. 

Displacement  across  the  notch  was  measured  with  an  extensometer  and  recorded 
with  load.  A  close-up  view  of  the  extensometer  is  shown  in  Fig.  105.  Two 
algebraically  adding,  differential  transformers  were  used  to  minimize  specimen 
bending.  The  extensometer  plate  arms,  shown  in  Fig.  105,  were  attached  0.05 
inch  above  and  below  the  notch  using  pointed  set  screws;  the  set  screws  were 
located  along  the  longitudinal  axis  of  the  plate  to  further  minimize  the  effect  of 
any  specimen  bending. 

EXPERIMENTAL  RESULTS 

Test  results  for  the  1-1/8  inch  diameter  specimens  are  tabulated  in  Tables  22 
through  30  and  results  for  the  2-3/4  inch  diameter  specimens  are  tabulated  in 
Table  31.  Fatigue  data  for  growing  the  crack  in  the  root  of  the  notch  are  also 
included.  Net  section  stress,  average  tensile  yield  strength  as  well  as  the  net- 
stress  to  yield-strength  ratio  are  listed  in  the  tables  to  aid  in  evaluating  the 
plane-strain  critical-stress  intensity  data.  Ratios  above  the  1. 1  limit  recom¬ 
mended  by  ASTM  Committee  on  Fracture  Testing  of  High  Strength  Materials 
are  indicated  by  an  asterisk. 

Plane-strain  critical-stress  intensity  values  calculated  using  Equations  (3"))  and 
(33)  of  Section  4,  are  listed  both  with  and  without  the  plastic  zone  correction. 

To  differentiate  the  two  values,  the  plastic  zone  corrected  values  are  identified 
as  KiC(n)>  similar  to  the  center  notch  specimen  data.  It  was  felt  that  both 
values  should  be  included  to  provide  evidence  of  how  the  correction  varied  as 
the  net-stress  to  yield- strength  ratio  increased 

Both  th4  1-1/8  inch  and  2-3/4  inch  specimen  K^q  values  are  plotted  against 
testing  temperature  in  Figs.  106  through  114.  The  efiect  of  grain  direction  on 
fracture  properties  was  also  shown  by  including  in  the  same  plot  die  different 
grain  directions  tested. 

Data  points  listed  in  the  tables  with  an  asterisk  are  also  indicated  in  the  figures 
with  an  arrow. 

Pliue  strain  stress  intensity  values  corrected  for  the  plastic  zone  Kic, D\  are 
plotted  against  test  temperature  in  Figs.  115  through  123. 

Load-displacement  curves  were  obtained  for  most  of  the  1-1/8  inch  and  2-3/4 
inch  round  notch  specimens  (curves  were  not  obtained  for  1-1/8  inch  round  notch 
specimens  tested  in  Section  13  Environmental  Testing).  Typical  curves  for 
three  2-3/4  inch  diameter  round  notch  specimens  are  shown  in  Fig.  124. 

Essentially,  the  curves  measure  notch  displacement  as  a  function  of  loan.  In 
all  cases,  no  displacement  discontinuities  were  noted  like  those  which  occuxred 
in  some  center-notch  specimens  (Figs.  61  and  62).  In  some  ways,  however,  the 
two  sets  of  curves  are  similar.  Brittle  specimens  (both  round  and  center  notch) 


TABLE  31  LARGE  ROUND  NOTCH  TENSILE  DATA 
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T09.0 

111.0 
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yflb* 

.86 

1.04 
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.95 
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.69 

1.12* 
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STRENGTH 
.2%  OFFSET 

ksi 

211.3 
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1 12.2 
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LOAD 
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DIAMETER 

inches 

1.91 

1.90 

1.91 

1.90 

1.92 

1.85 

1.93 

1.91 

1.91 

1.91 

1.90 

1.92 

1.94 

1.92 

1.92 

1.86 

1.90 

NOTCH 

DIAMETER 

inches 

2.05 

2.04 

2.04 

2.05 

2.04 

2.05 

2.06 

2.04 

2.05 

2.05 

2.04 

2.05 

2.05 

2.05 

2.04 

2.05 

2.04 

MAJOR 

DIAMETER 

(D) 

inches 

1 

2.75 

2.75 

2.75 

2.74 

2.75 

2.75 

2.75 

2.75 

2.75 

2.75 

2.74 

2.75 

2.74 

2.75 

2.75 

2.74 

2.73 

GRAIN 

DIRECTION 

—11 —  — II  — 1  — IH_I  — 1  H  -1  1-  -1  1-  -1  l-_l 

TEST 

TEMP. 

1 

-no 

NT 

RT 

400 

400 

RT 

400 

400 

:50 

-110 

-no 

RT 

RT 

400 

400 

400 

400 

SPECIMEN 

NO. 

9  Nl  -  4 Co 

CB  202 

CB  203 

CB  204 

CB  207 

CB  208 

AM  355 

CC  204 

CC  207 

CC  208 

MARAGiNG  2 

CD  208 

INCO  718 

CE  201 

CE  202 

CE  203 

CE  204 

CE  207 

CE  208 

Ti  6AI-4V 

CF  207 

CF  208 
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TABLE  31  LARGE  ROUND  NOTCH  TENSILE  DATA  (continued) 
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CYCLING  RATE  WAS  60  TO  90  CPM 
FRACTURE  TEST  LOADING  RATE  WAS  150  ksi/min. 


DIAMETER  (inches) 

1-1/8  2-3/4 

O  •  LONGITUDINAL 

A  A  TRANSVERSE 

_ ^ 

200  400 

TEMPERATURE  -  °F 


114  K/c  DATA  FOR  ROUND  NOTCH  SPECIMENS  OF  PH  13-8  Mo 
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DIAMETER  (in 

ches) 

1-1/8 

2-3/4 

O 

• 

LONGITUDINAL 

A 

▲ 

TRANSVERSE 

a 

SHORT  TRANSVERSE 

TEST  TEMPERATURE  -  °F 

FIG.  117  Kir/„  \  DATA  FOR  ROUND  NOTCH  SPECIMENS  OF  AM  355 


DIAMETER  (inches) 

1-1/8  2-3  A 

O  • 

LONGITUDINAL 

A 

TRANSVERSE 

□ 

SHORT  TRANSVERSE 

TEST  TEMPERATURE  -  “F 

FIG.  118  KiCf„  \  DATA  FOR  ROUND  NOTCH  SPECIMENS  OF  MARAGING  250 
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DIAMETER  (inches) 


1-1/8  2-3/4 


LONGITUDINAL 


TRANSVERSE 


TEST  TEMPERATURE  -  F 

FIG.  119  Kf(y_  1  DATA  FOR  ROUND  NOTCH  SPECIMENS  OF  INCO  718 
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ches) 
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LONGITUDINAL 

A 

A 

TRANSVERSE 

a 

SHORT  TRANSVERSE 

TEST  TEMPERATURE  -  F 

FIG.  120  Kir,.\DATA  FOR  ROUND  NOTCH  SPECIMENS  OF  Ti  6AI-4V 
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exhibit  linear  elastic  curves  to  failure.  As  toughness  increased,  thereby  in¬ 
creasing  the  net  stress-yield  strength  ratio,  the  amount  of  nonlinearity  shown 
in  the  curves  also  increased. 

DISCUSSION 

In  general,  the  data  obtained  from  the  round  notched  specimens  show  an  in¬ 
crease  of  with  increasing  temperature.  This  trend  was  somewhat  obscur^ed 
by  the  tendency  for  the  net-stress  to  yield-stress  ratio  to  increase  with  temper¬ 
ature.  Data  included  in  the  Fifth  Report  of  the  Special  ASTM  Committee  on 
Fracture  (Ref.  18)  revealed  that  ratios  increasing  above  1. 1  result  in  decreas¬ 
ing  Kic  values.  It  was  also  possible  that  some  variations  from  the  general 
trend  were  due  to  metallurgical  changes  in  several  alloys  resulting  from  testing 
at  elevated  temperature. 

The  lower  net-stress  to  yield-stress  ratios  of  the  large  2-3/4  inch  diameter 
specimens  did  not  always  result  in  increased  K-^  values  as  had  been  expected. 

It  was  not  readily  apparent  what  caused  this  reversal  in  expected  behavior.  To 
determine  if  heat  treatment  variations  due  to  size  changes  had  caused  the  anom¬ 
alous  results,  hardness  readings  were  taken.  However,  no  hardness  difference 
could  be  detected  between  the  two  sizes  of  notched  round  specimens. 

Because  of  the  different  characteristics  of  each  alloy,  they  are  ciscussed  indi¬ 
vidually. 

4340 

This  martensitic  low  alloy  steel  showed  the  expected  low  toughness  at  -110°F 
with  an  increase  at  room  temperature  (Fig.  106).  Above  room  temperature  the 
toughness  seemed  fairly  constant  as  indicated  by  the  short  transverse  curve. 

At  650°F,  the  longitudinal  and  transverse  data  points  were  conservative  and 
therefore  should  show  a  sharp  rise.  As  would  be  expected,  the  longitudinal 
specimens  had  the  highest  toughness,  followed  by  the  transverse  and  short  trans¬ 
verse.  No  large  round  specimens  were  tested  in  this  alloy,  since  all  the  data 
points  were  valid  below  650°F. 

9  Ni-4Co 

This  bainitic  steel  showed  high  toughness  at  all  temperatures  although  low 
points  were  seen  for  specimens  tested  at  -110°F  and  400°F  (Fig.  107).  Because 
of  the  high  toughness,  many  of  the  1-3/8  inch  diameter  specimens  were  conserv¬ 
ative.  Therefore,  five  2-3/4  inch  diameter  specimens  were  also  tested.  As 
expected,  the  K1(^  values  for  the  large  rounds  were  raised  by  the  lower  net- 
stress  to  yield- strength  ratio.  However,  the  increase  in  K1C  values  was  large 
for  the  small  decrease  in  ratio.  Hardness  readings  showed  no  difference  in 
heat  treat  response  between  the  large  and  small  round  specimens. 

In  this  alloy,  no  forged  down  3  x  9-inch  bar  was  tested.  Therefore,  there  is  no 
short  transverse  data.  However,  the  longitudinal  and  transverse  curves  show 
little  difference  in  toughness. 
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AM  355 

This  semi-aust6nitic  stainless  steel  showed  a  large  variation  in  toughness  de¬ 
pending  on  the  grain  direction  tested  (Fig.  108),  The  longitudinal  toughness 
was  much  higher  than  the  transverse  afid  short  transverse  toughness.  In  this 
respect,  the  alloy  differed  from  the  other  stainless  steel,  PH  13-8Mo  which 
showed  almost  no  directionality.  It  was  possible  that  the  variation  in  the  AM  355 
was  due  to  the  deleterious  effects  of  the  delta  ferrite.  The  alloy  also  showed  a 
very  large  variation  in  toughness  with  test  temperature.  As  might  be  expected 
of  a  martensitic  alloy  with  5  percent  nickel,  the  -110°F  values  were  low.  The 
toughness  almost  doubled  at  room  temperature  and  400°F.  What  was  not  ex¬ 
pected  was  the  large  decrease  upon  testing  at  650°F.  This  decrease  had  not 
been  predicted  by  the  precracked  Charpy  impact  values  shown  in  Fig.  19. 

This  alloy  was  similar  to  the  other  stainless  steel,  PH  13-8Mo,  which  also 
showed  a  decrease  in  toughness  at  650°F. 


! 


( 


The  only  conservative  values  were  at  room  temperature  and  400°F,  and  the 
large  specimens  showed  very  little  difference  in  toughness  from  the  smaller 
specimens.  At  room  temperature  the  small  longitudinal  specimen  had  a  net- 
stress  to  yield- strength  ratio  of  1.43  and  the  large  longitudinal  specimen  had 
a  ratio  of  0.98.  This  caused  an  increase  in  Kic  values.  The  longitudinal  400°F 
specimens  showed  a  larger  ratio  difference;  1.  83  for  the  small  and  1,  12  for  the 
large  specimen.  However,  the  K1f,  values  were  approximately  the  same  for 
both  sizes.  This  may  be  explainecrby  the  fact  that  both  ratios  were  conserva¬ 
tive  and  the  actual  differences  were  obscured. 

The  small  transverse  400°F  specimen  had  a  ratio  slightly  above- 1. 1,  and  there¬ 
fore  the  K1C  value  was  approximately  the  same  as  the  value  for  the  large  speci¬ 
men  at  the  same  point.  The  plastic  zone  correction  (Fig.  117)  caused  a  greater 
increase  in  KiC(p)  for  the  large  specimens  than  for  the  small.  Therefore,  the 
Kic(p)  for  the  large  specimen  was  actually  below  the  small  specimen  value. 

MARAGING  250 

This  alloy  showed  a  small  constant  rise  in  toughness  with  temperature.  The 
toughness  was  high  over  the  whole  temperature  range  from  -110  F  to  650°F 
(Fig.  109). 


The  toughness  properties  showed  some  variation  with  grain  direction.  The 
toughness  decreased  from  longitudinal  to  transverse  with  the  greatgst  decrease 
seen  in  short  transverse  properties.  Only  one  specimen  below  650  F  was  con¬ 
servative,  the  400  F  longitudinal  specimen,  and  its  ratio  was  1.21.  When  this 
condition  was  retested  with  a  2-3/4  inch  diameter  specimen,  a  lower  value 
was  obtained.  Hardness  values  on  botfi  the  large  and  small  specimens  indicated 
no  difference  in  heat  treatment.  No  unusual  fracture  face  characteristics  could 
be  seen  to  account  for  the  difference.  It  will  be  noticed  by  referring  to  the 
forged  block  drawings,  Figs.  8  and  9,  that  the  small  and  large  longitudinal 
rounds  were  from  different  blocks.  Although  the  blocks  were  from  the  same 
heat  and  forged  to  the  same  dimensions,  it  was  possible  that  forging  differences 
were  influencing  the  results. 
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INCO  718 

Toughness  values  for  this  alloy  were  so  high  that  even  at  -110°F,  they  were 
conservative.  Even  after  re-evaluating  each  condition  below  650°F  with  the 
large  notched  rounds,  the  lowest  net  stress  to  yield  stress  ratio  was  1. 28.  It 
is  interesting  to  note  that  this  was  the  only  alloy  which  showed  a  constant  de¬ 
crease  m  toughness  with  increasing  temperature  (Fig.  110).  This  did  not  seem 
to  be  the  result  of  increasingly  conservative  results  as  in  other  alloys  because 
the  net  stress  to  yield  stress  ratio  was  exceptionally  constant  over  the  whole 
temperature  range.  Although  the  ratio  was  higher  than  the  other  alloys  at 
-110  F,  it  was  not  as  high  as  the  other  alloys  at  higher  temperatures  because 
of  the  constant  yield  strength. 

The  Kic  values  from  the  large  specimens  showed  a  substantial  increase  ove/- 
the  values  from  the  small  specimens  even  though  the  net  stress  to  yield  stress 
ratio  decreased  only  slightly.  Both  the  large  specimen  and  small  specimen  data 
exhibited  the  same  shaped  curve  with  a  definite  increase  of  longitudinal  over 
transverse  toughness. 

Ti  6A1-4V 

Thisjieat-treated  alpha-beta  titanium  alloy  showed  low  K1C  values  at  both 
-110  F  and  room  temperature  (Fig.  111).  However,  it  increased  rapidly,  be¬ 
tween  room  temperature  and  400°F.  This  was  also  the  range  in  which  the  yield 
strength  dropped  off  sharply  from  approximately  150  to  110  ksi.  In  this  char¬ 
acteristic,  the  algoy  was  similar  to  the  other  heat-treated  titanium,  Ti  6A1-6V- 
2Sn  STA.  AtQ400OF  and  650°F  ratios  were  considerably  above  1.  l,and  when  re¬ 
tested  at  400  F,  with  large  specimens,  the  results  were  still  conservative. 
Testirg  the  large  specimens  resulted,  however,  in  a  large  increase  in  toughness. 

It  was  significant  that  the  data  showed  no  evidence  of  directionality  so  that  only 
one  line  could  be  drawn  through  the  data. 

Although  only  one  transverse  small  specimen  at  room  temperature  was  slightly 
above  the  1. 1  recommended  limit,  both  a  longitudinal  and  transverse  large 
specimen  were  tested.  Both  values  were  unexpectedly  low.  Hardness  values 
showed  the  same  heat-treat  response  as  the  smaller  specimens.  The  fatigue 
crack  depth  and  the  fracture  face  did  not  reveal  any  apparent  reason  for  the  low 
readings.  The  large  specimens  were  from  a  different  block  than  the  small 
spegimens,  however  it  was  forged  to  the  same  dimensions.  In  addition,  the 
400  F  large  specimens  are  not  lower  than  the  400°F  small  specimens. 

Ti  6Al-6V-2Sn 

This  alloy,  tested  in  both  the  annealed  and  STA  condition,  provided  an  opportu¬ 
nity  to  judge  the  effects  of  strength  differences.  The  heat-treated  specimens 
(Fig.  113)  showed  lower  Kic  values  at  -110  F,  and  especially  at  room  tempera¬ 
ture,  than  the  annealed  (Fig.  112).  However,  the  heat-treated  specimens  in¬ 
creased  rapidly  in  toughness  between  room  temperature  and  400°F,  similar  to 
heat-treated  Ti  6A1-4V.  At  400°F,  the  toughness  of  the  alloy  in  both  conditions 
was  approximately  the  same.  It  is  interesting  to  note  that  the  Kic  values  for 
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the  small  specimens  at  650°  F  was  approximately  the  same  for  all  three  titanium 
alloys  tested. 


In  both  conditions,  the  va’ues  for  the  longitudinal  grain  were  generally 
lower  than  for  both  the  transverse  and  short  transverse  grain  direction. 


The  specimens  tested  at  400°F  and  650°F  all  resulted  in  ratios  above  1. 1  except 
for  the  annealed  short  transverse  specimen.  When  retested  with  the  larger 
specimens,  the  ratios  were  all  below  1. 1  and  showed  an  increased  toughness, 
except  for  the  longitudinal  STA  specimen.  The  plastic  zone  correction  which 
caused  less  increase  in  the  large  specimen  v  values  resulted  in  a  reversal 
of  the  STA  data  (Fig.  122). 


'(P> 


PH  13-8Mo 


The  general  trend  of  the  toughness  versus  temperature  curve  for  this  alloy 
(Fig.  114)  was  similar  to  the  other  stainless  steel,  AM  355.  The  low-nickel 
martensitic  condition  resulted  in  a  low  value  at  -110°F  to  a  K.c  higher  than  any 
of  the  other  alloys  at  400°F.  The  apparent  toughness  decreased  at  650°F  even 
though  the  net-stress  to  yield- strength  ratio  was  lower.  Therefore,  the  mech¬ 
anism  which  caused  the  decrease  in  toughness  may  have  been  the  same  as  in  the 
AM  355. 
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SECTION  9  CRITICAL  SURFACE  CRACK  DETERMINATION  ! 

i 

The  primary  purpose  of  this  investigation  was  to  determine  the  relationship  be-  ■ 

tween  th'  oretical  and  experimentally  determined  fracture  stresses  for  surface- 
cracked  panel  specimens.  It  was  also  desired  to  determine  how  the  relationship  ! 

changed  as  the  crack  dimensions  varied  to  cause  fracture-stress  to  yield-stress  j 

ratios  over  the  range  of  0. 8  through  1.0.  j 

\ 

i 

Longitudinal  panel  specimens  3/16  to  1/4  inch  thick  were  prepared  containing  ■ 

various  sizes  of  semjelliptical  ghaped  surface  cracks.  These  specimens  were  i 

fracture  tested  at  75  F  or  -110°F.  The  theoretical  fracture  stress,  based  on  ; 

the  round  notched  specimen  Kj£  value  for  the  alloy,  was  calculated  for  each 
specimen  and  compared  with  the  actual  fracture  stresses.  The  Kic  value  for  | 

each  specimen  was  also  calculated  and  compared  with  the  round  notched  speci-  j 

men  value  for  the  particular  alloy.  ' 

I 

TEST  PROCEDURE  j 

Specimen  j 

t 

The  specimens  were  fabricated  as  shown  in  Fig.  125  and  were  1/4  inch  thick  for 
9  Ni-4Coand  PH  13-8Mo  and  were  3/16  inch  thick  for  all  the  other  alloys.  It 
was  attempted  throughout  the  program  to  keep  specimen  thickness  at  least  twice 
the  crack  depth  because  the  standard  toughness  equation  was  derived  for  cracks 
having  depths  under  half  the  thickness.  The  9  Ni-4Coand  PH  13-8Mo  specimens 
were  made  thicker  to  allow  for  larger  crack  sizes  caused  by  high  toughness. 

The  exact  width  and  thickness  of  each  specimen  is  listed  in  Table  32. 

Location  of  the  specimens  witi.  l  the  forged  blocks  is  shown  in  the  material 
section  of  the  report.  The  specimen  blanks  were  sawed  from  the  billet,  rough 
machined,  heat  treated,  and  then  finished  machined.  Correct  grip-hole  align¬ 
ment  was  obtained  by  use  of  a  drill  jig.  A  starter  notch  for  fatigue  cracking 
was  machined  at  the  specimen  center  by  the  electric  discharge  process  using 
a  0.010-inch  thick  brass  electrode.  The  starter  notch  was  made  the  length  of 
the  desired  crack  and  was  0.010-inch  deep. 

Fatigue  Cracking 

The  first  three  specimens  (A2M1,  2  and  3)  were  fatigue  cracked  in  axial  loading. 

However,  difficulty  was  encountered  in  controlling  crack  depth  and  the  remain¬ 
ing  specimens  were  all  cracked  in  bending  fatigue,  as  shown  in  Fig.  126,  using 
a  Sonntag  SF-l-U  fatigue  machine.  The  specimens  were  held  horizontally  at  the 
ends  in  pivoted  jaws  and  the  load  was  applied  to  the  specimen  center  by  a  push 
rod  connected  to  the  machine  drive.  Cycling  was  interrupted  periodically  and 
the  crack  length  determined  by  examining  the  notch  with  a  72x  binocular  micro¬ 
scope.  Cycling  was  continued  until  the  crack  had  progressed  along  the  entire 
length  of  the  notch. 

The  specimens  were  cycled  1,  800  times  per  minute  at  a  stress  on  the  notched 
surface  equal  to  about  39  percent  of  the  yield  stress  with  an  R  of  0.  05.  Most  of 
the  specimens  required  from  25,  000  to  80,  000  cycles  for  adequate  cracking. 
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FIG.  126  FATIGUE  CRACKING  SETUP  FOR  SURFACE  CRACKED  SPECIMENS 


Fatigue  conditions  for  each  specimen  including  cycling  stress,  crack  depth,  and 
crack  length  are  listed  in  Table  32.  The  shape  of  the  cracks  are  shown  in  the 
photograph  of  the  fracture  surfaces  (Fig.  127). 

Initially,  it  was  planned  to  maintain  crack  lengths  constant  at  0.75  inch  and  the 
starter  notch  in  all  4340  specimens  was  made  0.75  inch  long.  Crack  depth  was 
to  be  varied  by  changing  the  number  of  cycles.  However,  cracks  as  shallow  and 
as  elliptical  in  shape  as  desired  could  not  be  obtained  with  the  0.75  inch  notch. 
This  problem  was  solved  by  shortening  the  starter  notches  to  a  length  of  three 
to  five  times  the  desired  crack  depth.  Crack  depth  was  controlled  essentially 
by  the  length  of  the  starter  notch. 


The  original  test  plan  was  to  produce  .theoretical  crack  sizes  for  fracture- 
stress  to  yield-stress  ratios  of  1.0,  0.9,  and  0.8.  However,  this  approach  was 
abandoned  when  it  was  discovered  that  the  experimental  fracture  stresses  were 
much  higher  than  the  theoretical  and  that  this  procedure  would  result  in  most  of 
the  specimens  having  fracture  stresses  above  the  yield  stress.  The  approach 
then  adopted  was  to  determine,  for  each  alloy,  the  approximate  effect  of  crack 
size  on  fracture  stress  by  first  testing  two  of  the  five  program  specimens. 

Crack  sizes  were  then  selected  for  the  remaining  three  specimens  based  on  the 
results  of  the  first  two  specimens. 
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SURFACE  CRACK  SPECIMENS 


FIG.  127  FRACTURE  FACES  OF  SURFACE  CRACK  SPECIMENS 


Fracture  Testing 

The  specimens  were  fracture  tested,  as  shown  in  Fig.  128,  in  a  Tinius-Olsen 
440,000-pound  capacity  tensile  machine  at  a  stress  rate  of  150,000  psi  per 
minute.  Loading  eccentricities  were  minimized  by  pin  loading  the  specimen  by 
means  of  load  plates  bolted  to  the  specimen.  Displacement  across  the  crack 
was  measured  with  an  extensometer  and  recorded  versus  load.  The  extenso- 
meter  arms  were  attached  by  means  of  wire  loops  spotwelded  to  the  crack  edge. 
This  method  of  attachment  permitted  measurement  directly  at  the  crack  and 
prevented  damage  to  the  extensometer  at  failure  as  the  arms  would  slip  through 
the  loops.  High  sensitivity  was  obtained  by  using  an  arm  pivot  arrangement 
that  produced  a  displacement  magnification  of  two. 

All  specimens  were  tested  at  room  temperature  except  those  of  AM  355  and 
PH  13-8Mo.  These  alloys  were  tested  at  -110°F  to  keep  crack  depth  under  half 
the  specimen  thickness.  At  room  temperature,  the  toughness  of  these  alloys 
was  so  high  that  crack  depths  considerably  over  half  the  specimen  thickness 
would  have  been  necessary  to  produce  fracture  below  the  yield  strength. 

An  environmental  chamber  and  liquid  nitrogen  were  used  for  the  -110°F  tests. 
The  cooling  setup  was  the  same  as  that  described  previously. for  the  round 
notched  specimens. 

After  failure,  the  fatigue  crack  length  and  depth  were  measured  on  the  fracture 
face  using  a  jewelers'  magnifying  glass  and  a  6-inch  machinists'  scale  contain¬ 
ing  0.01-inch  graduations.  In  the  toughness  calculations,  it  was  assumed  that 
the  cj  ack  size  was  the  same  as  that  of  the  fatigue  crack  at  onset  of  rapid  failure. 


FIG.  128  FRACTURE  TESTING  SETUP  FOR  SURFACE  CRACKED  SPECIMENS 


RESULTS  AND  DISCUSSION 

The  K1(-;  values  were  calculated  for  each  specimen  using  the  stress  intensity 
expression,  Equation  (36),  of  Section  4.  The  predicted  fracture  stress  <rp, 
based  on  the  round  notched  specimen  KiC(p)  va^ue*  was  calculated  for  each 

specimen  by  rearranging  Equation  (36)  to  the  form  shown  below  and  solving 
for  the  fracture  stress  using  the  KlC(p)  value  determined  for  the  longitudinal 

direction  of  the  alloy  in  the  round  notched  specimen  tests. 

~r  2  2 

„  2  KlC(p)  * 

<Tp  =  - 

3.77b +  0.212  KiC(p)2/<rys2 


The  test  data  are  tabulated  in  Table  32,  The  table  lists  the  predicted  fracture 
stress  as  well  as  the  experimentally  determined  fracture  stress  for  each  mate¬ 
rial.  The  table  also  lists  the  actual  K^c  toughness  value  exhibited  by  each 
specimen,  which  was  calculated  from  the  actual  fracture  stress  and  crack  di¬ 
mensions.  The  ratio  of  the  fracture  stress  to  the  yield  strength  is  also  listed 
to  aid  in  the  analysis. 

The  critical  stress  intensity  values  will  be  discussed  first  since  tne  relationship 
between  the  predicted  and  actual  fracture  stresses  depends  on  these  values. 

These  stress  intensity  values  versus  the  fracture- stress  to  yield- strength  ratio 
are  plotted  in  Fig.  129.  The  curves  show  that  the  toughness  values  decrease 
rapidly  with  increasing  fracture  stress  at  stresses  greater  than  about  90  percent 
of  the  yield  strength.  This  behavior  results  from  the  onset,  of  general  plastic 
yielding.  When  plastic  yielding  occurs,  the  toughness  equation  is  no  longer 
valid  and  the  apparent  K^q  values  fall  below  the  true  values.  The  large  effect 
of  the  onset  of  yielding  on  the  apparent  toughness  values  is  evident  from  the 
curves. 

The  curve  for  Ti  6Al-6V-2Sn  annealed  does  not  show  a  knee  and  indicates 
general  yielding  was  occurring  at  fracture  stresses  as  low  as  86  percent  of  the 
yield  stress.  It  is  felt  that  this  is  possibly  due  to  test  scatter  and  that  further 
test  results  would  show  that  the  curve  has  a  knee  at  about  the  same  ratio  as  the 
other  alloys. 

The  fracture  stresses  reported  are  based  on  gross  area.  Net  area  is  about  5 
percent  less  for  most  of  the  specimens. 

The  test  data  indicate  that  the  maximum  fracture-stress  to  yield- strength  ratio 
at  which  the  toughness  equation  is  valid  is  about  0.90  for  gross  fracture  stresses 
and  about  0.95  for  net  fracture  stresses.  These  are  also  the  maximum  fracture 
stress  to  yield  strength  ratios  at  which  it  could  be  hoped  to  predict  fracture 
stresses  using  the  present  equation.  These  ratios  are  lower  than  the  maximum 
net  fracture  stress  to  yield  strength  ratio  of  1. 1  accepted  for  valid  toughness 
measurements  using  round  notched  specimens. 
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At  fracture  stresses  less  than  about  90  percent  of  the  yield  strength,  Fig.  129 
curves  indicate  that  the  stress  intensity  values  remain  fairly  constant  with  de¬ 
creasing  fracture  stress  except  for  Ti  6Al-6V-2Sn  annealed  and  AM  355.  The 
Ti  6Al-6V-2Sn  curve  was  discussed  previously. 


The  curve  for  AM  355  shows  a  large  decrease  in  toughness  with  decreasing 
fracture  stress.  This  behavior  was  unexpected  and  no  explanation  is  offered 
except  that  AM  355  showed  considerable  test  data  scatter ‘throughout  the  entire 
program. 


The  specimen  Kic  value  determines  the  relationship  between  the  predicted  and 
actual  fracture  stresses.  This  may  be  seen  from  the  expression  shown  below 
which  relates  the  ratio  of  the  predicted-to-actual  fracture  stress  to  the  tough¬ 
ness  values. 


K.,  2(round)  ofys.Tl  b  +  0.  212  Kir,2  (round)/  <r  2 
iC/  l  -ll/  ys  j  _ _ 

K1C2  (surface  cracked)*2 / 3. 77  b  +  0.212K1C  (surface  cracked) /o-ys 2 


,1/2 


A  plot  of  the  predicted  to  actual  fracture  ratio  for  each  specimen  versus  the 
fracture-stress  to  yield-stress  ratio  is  shown  in  Fig.  130.  The  curves  reflect 
the  changes  in  apparent  toughness  with  fracture  stress  level  shown  in  Fig.  129. 
At  a  fracture  stress  of  90  percent  or  less  of  the  yield  strength,  the  predicted 
stresses  for  the  alloys  ranged  from  29  percent  above  to  39  percent  below  the 
actual  stresses.  Only  two  alloys  had  predicted  stresses  within  10  percent  of 
the  actual  stress.  The  predicted  stresses  were  below  the  actual  stresses  for 
all  alloys  except  one. 


Since  most  of  the  predicted  stresses  were  below  the  actual  stress,  the  possibil¬ 
ity  that  the  start  of  rounding  on  the  load-displacement  curves  might  be  the  start 
of  slow  crack  growth  and  that  the  predicted  loads  might  coincide  with  this  point 
was  considered.  However,  they  did  not.  For  the  titanium  alloys,  the  pre¬ 
dicted  loads  were  far  below  the  point  at  which  rounding  began  (Fig.  133). 

A  plot  of  the  round  bar  value  versus  the  surface-cracked  specimen 

KiC/p\  value  for  each  alloy  rs  shown  in  Fig.  131.  The  surface- cracked  speci¬ 
men  values  were  taken  from  Fig.  129  at  a  fracture  stress  level  of  90  percent  of 
the  yield  strength.  The  curve  indicates  that  the  difference  between  round  bar 
and  surface  cracked  specimen  stress  intensity  values  is  related  to  the  stress 
intensity  level.  At  stress  intensity  levels  below  about  100  ksi  \/im  (round  bar), 
the  surface  cracked  specimen  values  are  higher  and  the  difference  between  the 
two  specimen  values  increases  with  decreasing  stress  intensity  level.  Above  a 
stress  intensity  level  of  100  ksi  y^Trv.  (round  bar),  it  would  seem  that  the  round 
notched  values  would  be  higher.  However,  the  upper  part  of  the  curve  is  only 
based  on  one  point  and  therefore  has  questionable  accuracy.  Both  types  of  speci¬ 
mens  rank  the  alloys  in  approximately  the  same  toughness  order.  However,  the 
round  notched  specimen  toughness  values  show  a  much  greater  stress  intensity 
difference  between  the  alloys  than  the  surface-cracked  specimen  values.  This 
would  indicate  that  the  round  notched  specimen  is  more  toughness  sensitive  than 
the  surface  cracked  specimen. 
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FIG.  129  EFFECT  OF  FAILURE  STRESS  LEVEL  ON  SURFACE  CRACKED  SPECIMEN 
TOUGHNESS  VALUES 
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FIG.  130  EFFECT  OF  FAILURE  STRESS  LEVEL  ON  RELATIONSHIP  BETWEEN  ACTUAL  AND 
PREDICTED  FRACTURE  STRESSES 
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FIG.  131  RELATIONSHIP  BETWEEN  ROUND  NOTCH  AND  SURFACE  CRACKED  SPECIMEN 
TOUGHNESS  VALUES  FOR  VARIOUS  ALLOYS 


K1C,  ROUND  NOTCH  -  ksi  V  inch" 


FIG.  132  EFFECT  OF  ALLOY  TOUGHNESS  LEVEL  ON  RELATIONSHIP  BETWEEN  ACTUAL 
AND  PREDICTED  FRACTURE  STRESSES 


Since  the  difference  between  the  round  notched  and  surface-cracked  specimen 
toughness  values  is  related  to  the  toughness  level,  the  predicted-to-actual  frac¬ 
ture  stress  ratio  is  also  related  to  the  stress  intensity  level.  A  plot  of  this 
ratio  versus  stress  intensity  level  for  the  various  alloys  is  shown  in  Fig.  132. 
According  to  the  plot,  an  alloy  would  have  to  have  a  stress  intensity  value  in  the 
range  of  85  to  125  ksi  ]/  in.  (round  notched)  for  the  predicted  stresses  to  be 
within  10  percent  of  the  actual  stresses. 

If  the  round  notched  specimen  toughness  values  were  converted  to  an  equivalent 
surface  cracked  stress  intensity  value  according  to  the  Fig.  131  curve,  then 
the  predictions  for  all  the  alloys  would  be  within  10  percent  of  the  actual  stresses. 

The  differences  between  the  KiC(p)  values  for  the  two  types  of  specimen  indi¬ 
cates  the  stress  condition  in  the  round  notched  specimens  as  coming  closer  to  a 
plane  strain  condition  than  that  in  the  surface  cracked  specimens.  This  would 
result  in  the  surface  cracked  specimens  exhibiting  lower  material  toughness 
sensitivity  and  higher  toughness  values  for  six  out  of  the  seven  alloys.  The 
lower  fracture  stress-to-yield  strength  ratio  at  which  toughness  values  become 
invalid  in  the  surface-cracked  than  in  the  round  notched  specimens  also  supports 
the  above  mentioned  stress  condition  difference.  A  comparison  of  the  load- 
displacement  curves  for  these  two  specimen  types  also  supports  the  above 
possibility.  These  curves  for  the  surface-cracked  specimens  (Fig.  133)  always 
showed  rounding  just  prior  to  fracture,  whereas,  those  for  the  round  specimens 
were  essentially  linear  for  specimens  having  fracture  stresses  under  130  per¬ 
cent  of  the  yield  strength. 
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FIG.  133  TYPICAL  LOAD-DISPLACEMENT  DATA  FOR  SURFACE  CRACKED  SPECIMENS 
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SECTION  10  PRECRACKED  CHARPY  EXPOSURE  TESTING 

To  simulate  aircraft  service  experience,  1000-hour  exposure  testing  was 
accomplished  at  both  400°F  and  650°F.  Stress  conditions  were  those  recom¬ 
mended  by  the  NASA  Materials  Committee  for  the  Supersonic  Transport; 

40, 000  psi  for  steel  and  25, 000  psi  for  titanium.  To  assess  the  effect  of 
temperature  only,  specimens  were  also  exposed  to  the  same  temperatures  at 
zero  stress. 

A  preliminary  evaluation  of  all  eight  alloys  was  made  with  precracked  Charpy 
specimens.  It  was  considered  that  these  preliminary  specimens  would  indicate 
any  serious  problems  with  metallurgical  stability  and  aid  in  selecting  the  four 
most  promising  alloys.  A  second  evaluation  was  made  on  the  four  most 
promising  alloys  with  exposure  specimens  of  the  same  design  as  the  i-l/8-inch 
diameter  notched  rounds  in  previous  testing.  These  specimens  were  tested  at 
only  the  mo.e  extreme  exposure  conditions.  The  second  evaluation  will  be 
discussed  later  in  the  sequence  of  testing  (Section  12). 

TEST  PROCEDURE 

Material  for  the  exposure  specimens  was  exposed  in  recirculating  air,  resist¬ 
ance  heated  creep  ovens  (Fig.  134) .  The  material  for  the  Charpy  specimens 
was  exposed  under  load  in  lengths  referred  to  as  long  Charpy  specimens  (Fig. 
135)  suitable  for  subsequent  fabrication  into  three  precracked  Charpy  specimens 
identical  to  those  used  in  the  heat  treat  study.  Lengths  of  material  for  zero 
stress  precracked  Charpy  specimens  were  placed  in  the  same  creep  ovens  so 
they  would  be  exposed  to  the  identical  temperature.  Material  for  the  round 
notched  specimens  was  exposed  in  rods  3  inches  long,  with  6  coupled  together 
in  the  same  type  of  creep  ovens.  Exposed  Charpy  and  round  notched  specimens 
were  at  least  0.030  inch  oversized  on  each  surface.  The  0.030  inch  excess 
was  removed  after  exposure  by  the  final  machining  operation. 

Temperature  in  the  creep  ovens  was  controlled  by  Minneapolis-Honeywell  time- 
proportioning  temperature  controllers  using  chromel-alumel  (Type  K)  thermo¬ 
couple  sensing  elements.  Overheating  protection  was  provided  by  similar 
equipment.  Thermocouples  were  placed  at  the  top  and  bottom  of  each  specimen 
(6  inches  apart)  to  ensure  temperature  uniformity. 

After  1000  hours  exposure,  the  material  was  removed  and  finish  machined  into 
specimens  identical  to  the  procedure  used  previously.  Fatigue  cracking  and 
fracture  testing  were  the  same  as  procedure  described  in  Section  6. 

RESULTS  AND  DISCUSSION 

Precracked  Charpy  exposure  data  is  tabulated  in  Table  33.  The  data  is  plotted 
against  test  temperature  in  Figs.  136  through  144.  Unexposed  data  for  com¬ 
parative  purposes  is  included  from  Section  6,  Heat  Treat  Study.  Stability 
characteristics  for  the  individual  alloys  are  discussed  separately. 
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4340  ! 

t 

Exposure  conditions  did  not  effect  4340  stability  significantly.  The  plotted  data  1 

(Fig.  136)  indicated  an  embrittlement  at  room  temperature  and  an  increase  in  j 

toughness  at  elevated  temperatures.  However,  the  room  temperature  data  for 

40  ksi  exposed  at  400°F,  which  would  be  expected  to  be  next  to  the  most  extreme 

condition,  is  very  close  to  the  room  temperature  unexposed  point.  Therefore, 

this  data  probably  indicates  the  amount  of  scatter  possible  with  this  type  of  j 

specimen.  > 

AM  355 

The  AM  355  data  indicates  a  possible  embrittling  reaction  at  650°F.  Published  ' 

sharp  edge  notched  data  at  650°F  (Ref.28)  showed  the  same  decrease.  Investi-  . 

gations  have  shown  that,  with  long  creep  exposure  carbides  of  the  M23C6  type  ■ 

precipitate  in  the  matrix  of  stainless  steels  of  this  type  with  long  creep  expos-  j 

ure.  The  data  showed  the  toughness  to  be  at  least  as  great  as  the  4340  at  650°F.  1 

MARAGING  250  | 

The  650°F  exposure  both  with  and  without  stress  appeared  to  cause  a  small  ! 

decrease  in  the  toughness  of  Maraging  250.  The  400°F  exposure,  however,  did  ; 

not  seem  to  affect  the  properties.  The  stability  of  the  alloy  based  on  this 
preliminary  testing  appeared  to  be  only  slightly  affected  by  high  temperature  ! 

exposure.  ! 

1NC0  718  ! 

The  Inco  718  alloy  exposure  testing  showed  greater  scatter  than  encountered  j 

with  the  other  alloys.  Stress  and  heat  tended  to  increase  the  toughness,  ! 

whereas,  heat  alone  tended  to  decrease  the  toughness. 

It  is  difficult  to  explain  these  contradictory  results  other  than  that  it  represents  1 

metallurgical  differences  in  areas  of  the  block  from  which  specimens  were 
removed.  In  any  event,  the  most  severe  exposure  conditions  did  not  cause 
embrittlement.  ; 

Ti  6A1-4V  And  Ti  6Al-6V-2Sn  i 

One  thousand  hours  of  exposure  with  stresses  as  high  as  25,  000  psi  and 
temperatures  as  high  as  650°F  had  no  noticeable  effect  on  Ti  6A1-4V  and 
Ti  6Al-6V-2Sn  STA,  as  indicated  by  precracked  Charpy  specimens.  However,  1 

the  650°F  exposure,  both  with  and  without  stress,  appears  to  have  an  embrit¬ 
tling  effect  on  the  annealed  condition  of  Ti  6Al-6V-2Sn  as  shown  in  Fig.  142. 

The  400°F  exposure  seemed  to  have  no  effect.  Both  the  exposed  and  unexposed 
specimens  were  heat  treated  together,  exposed  in  the  same  creep  oven,  and 
tested  at  the  same  time.  Therefore,  the  indication  seems  to  be  that  the 
annealed  condition  is  less  stable  under  stress  than  the  aged  condition  at  650°F. 

It  might  be  expected  that  the  exposure  conditions  would  age  the  annealed 
material  till  it  approached  the  STA  toughness.  However,  it  can  be  seen  from  a 
comparison  of  Figs.  142  and  143  that  the  toughness  of  the  exposed  annealed 
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FIG.  136  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  4340 
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FIG.  137  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  9  N,  -  4  Co 
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FIG.  138  EFFECT  OF  10C0  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  AM  355. 
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FIG.  139  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  MAR  AGING  250 
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FIG.  140  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
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FIG.  141  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  Ti  6AI-4V 
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FIG.  143  EFFECT  OF  1000  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 


material  falls  below  the  exposed  STA  condition. 

PH  13-8Mo 

The  PH  13-8Mo  also  indicated  the  same  embrittling  effect  from  the  650°F 
exposure  as  the  AM  355,  (Fig.  144),  possibly  for  the  same  reason.  It  is  question¬ 
able  that  the  low  values  for  400°F  exposure  at  zero  stress  indicates  embrittle¬ 
ment  since  the  stressed  exposure  at  this  temperature  showed  no  effect. 

9  Ni-4Co 

An  adverse  effect  of  exposure  conditions  on  9  Ni-4Cowas  clearly  indicated  by 
the  test  data.  The  impact  toughness  nearly  doubled  in  many  instances  and 
hardness  measurements  on  the  specimens  correspondingly  decreased.  The 
increase  in  toughness,  therefore,  appeared  to  be  caused  by  continued  tempering. 
When  contacted  the  material  supplier  advised  that  additions  of  chromium  and 
molybdenum  would  improve  the  temper  resistance  of  the  alloy.  Because  of  the 
excellent  toughness  of  this  alloy  it  was  considered  advisable  to  test  material 
available  from  several  modified  heats. 

Three  300-pound  heats  of  modified  chemistries  had  been  poured  and  rolled  into 
1-inch  thick  plates.  The  modified  chemistries  are  listed  in  Table  34. 
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FIG.  144  EFFECT  OF  WOO  HOUR  EXPOSURE  ON  THE  PRECRACKED  CHARPY  TOUGHNESS 
FOR  PH  13-8Mo 
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TABLE34  CHEMICAL  COMPOSITION  FOR  9  Ni-4Co 


*  Initial  Heat 


The  manufacturer  provided  short-time  tensile  data  on  the  three  heats  (Table  35). 
Tensile  and  exposure  Charpy  specimens  were  fabricated  from  the  plate  and  heat 
treated.  The  0.41  carbon  heat  (3920588)  was  given  a  475°F  bainitic  heat  treat¬ 
ment  tempered  at  750°F,  similar  to  the  initial  heat,  and  the  lower  carbon  heats 
were  heat  treated  to  the  martensitic  condition  by  oil  quenching  to  room  tempera¬ 
ture  and  double  tempering  at  1000°F.  The  specimens  were  exposed  to  conditions 
similar  to  those  used  previously.  The  tensile  and  exposure  data  is  presented  in 
Table  36.  The  precracked  Charpy  impact  values  and  ultimate  tensile  strengths 
for  the  three  modified  heats  are  shown  in  Figs.  145,  146,  and  147.  Heat 
3888655  indicated  the  greatest  precracked  Charpy  toughness  and  ultimate  tensile 
strength  of  the  three  heats.  In  Fig.  148  the  effect  of  exposure  is  compared  for 
heat  3888655  and  the  original  heat,  3950881.  The  400°F,  and  650°F  exposure 
specimens  had  a  lower  toughness  than  the  unexposed  specimens,  especially  at 
high  temperature.  This  indicates  that  even  with  increased  chromium  and 
molybdenum  some  instability  still  exists.  It  appears  that  with  the  martensitic 
microstructure,  exposure  does  not  decrease  strength  and  increase  toughness  as 
it  does  with  the  bainitic  structure.  However,  after  exposure  the  -110°F  and 
650°F  testing  results  in  approximately  the  same  toughness  for  both  steels. 


TABLE  35  MODIFIED  9NI-4C o  MECHANICAL  PROPERTIES 
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TABLE36  EXPOSURE  DATA  OF  MODIFIED  9  Ni-4Co  HEATS 

(TRANSVERSE  GRAIN  DIRECTION) 


EXPOSURE  IEXPOSU  RE 
STRESS 
k  si 


HEAT  3920588 
400  I 


650  | 

HEAT  3888655 
400  S 


400 

400 

400 

400 

400 

650 

650 

650 

650 

650 

650 

HEAT  3888656 


TEST 

TEMP 

°f 

ULTIMATE 

STRENGTH 

ksi 

.2%  YIELD 
STRENGTH 
ksi 

ELONG. 

1  inch 
percent 

-110 

239.3 

229.7 

ii 

-110 

242.7 

231.0 

mm 

mm 

224.7 

217.2 

221.5 

211.1 

12 

400 

213.9 

187.3 

14 

650 

182.9 

158.3 

17 

-110 

235.0 

229.2 

11 

-no 

233.4 

229.7 

11 

RT 

216.3 

207.8 

12 

RT 

217.7 

211.2 

12 

400 

205.7 

189.1 

14 

650 

182.0 

179.8 

16 

-no 

245.9 

214.5 

16 

-110 

243.1 

213.9 

14 

RT 

228.9 

203.8 

16 

RT 

229.3 

205.2 

16 

400 

208.1 

185.4 

16 

650 

195.9 

172.5 

16 

-110 

247.6 

221.5 

15 

-no 

246.7 

220.5 

14 

RT 

229.0 

208.8 

16 

RT 

229.1 

208.3 

14 

400 

209.8 

191.8 

15 

650 

197.1 

179.8 

16 

-no 

242.3 

210.2 

14 

-no 

241.3 

210.4 

15 

RT 

225.0 

199.1 

14 

RT 

223.4 

199.7 

15 

400 

206.1 

180.7 

16 

650 

193.8 

171.7 

16 

-110 

*245.3 

220.8 

15 

-no 

243.7 

222.4 

14 

RT 

225.4 

204.9 

14 

RT 

224.8 

205.1 

15 

400 

206.1 

188.1 

16 

650 

196.7 

175.5 

15 

RA 

percent 


PRECRACKED 
CHARPY 
W  A 

(in  lbs  m^) 


450 

** 

441 

430 

250 

628 

ULTIMATE  TENSILE  STRENGTH 
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SECTION  It  SELECTION  OF  THE  FOUR  MOST 
PROMISING  ALLOYS 

In  the  first  part  of  the  program  plane  stress  and  plane-strain  critical-stress 
intensities  were  determined  for  the  eight  alloys  over  the  service  temperature 
range  of  a  supersonic  transport.  It  was  also  desired  to  know  how  the  other  ser¬ 
vice  conditions  such  as  high  strain  rate,  extended  exposure  to  high  temperature, 
and  corrosive  environment  would  aitoct  these  stress  intensities.  To  keep  the 
program  to  a  reasonable  size,  further  investigation  was  limited  to  the  four  al¬ 
loys  considered  most  promising  for  the  supersonic  transport.  The  same  speci¬ 
men  design  and  grain  direction  was  used  for  comparative  purposes. 

Round  notched  tensile  specimens  from  the  transverse  grain  direction  were  con¬ 
sidered  most  practical.  Transverse  properties  were  generally  minimum. 

Since  transverse  grain  direction  is  usually  considered  the  more  sensitive  to 
embrittling  mechanisms  such  as  stress  corrosion,  round  notched  specimens 
were  required  because  they  were  the  only  specimens  yielding  transverse 
values. 

The  selection  of  four  alloys  for  further  study  required  several  considerations 
other  than  toughness  alone.  The  toughness-density  ratios  had  to  be  considered 
because  density  would  determine  tne  stress  level  to  which  an  alloy  could  be 
worked  in  designing.  This  means,  with  lower  operating  stresses,  flaws  could 
be  larger  before  becoming  critical.  To  aid  in  the  comparison  of  the  eight 
alloys,  the  Kc  and  K1C  data,  and  Kc  and  Kjc  data  divided  by  density  are 
shown  in  Figs.  149  through  156.  Curves  for  ultimate  strength  and  ultimate 
strength  divided  by  density  are  also  included  (Figs.  157  and  158).  In  addition 
a  summary  chart  of  the  four  toughest  alloys  for  each  specimen  type  at  each 
temperature  is  shown  in  Table  36. 

The  titanium  alloys  in  particular  are  enhanced  by  consideration  of  density  as 
demonstrated  by  the  comparison  curves  of  Figs.  150,  152,  154,  and  156.  The 
summary  chart  (Table  37)  indicates  that  both  Ti  6A1-4V  and  Ti  6Al-6V-2Sn 
annealed  were  among  the  four  toughest  alloys.  Ti  6A1-4V  had  the  higher 
strength  and  more  production  experience  so  it  was  selected  for  further  study. 

Inco  718  had  exceptionally  high  toughness,  especially  at  low  temperatures.  Al¬ 
though  it  had  a  rather  low  yield  strength,  its  toughness -to-density  ratio  was 
still  among  the  top  four.  The  design  requirements  for  the  supersonic  transport 
will  be  most  critical  at  the  low  temperatures;  therefore  Inco  718  was  also  se¬ 
lected. 

Both  stainless  steels  had  excellent  toughness  at  higher  temperatures,  especially 
in  the  longitudinal  grain  directions.  However,  they  both  displayed  poor  tough¬ 
ness  at  -110°F  which,  as  mentioned  before,  will  be  a  critical  temperature. 

The  9  Ni-4Co  displayed  excellent  toughness  throughout  the  temperature  range. 
However,  precracked  Charpy  stability  testing  revealed  a  serious  problem.  Be¬ 
cause  there  will  be  applications  for  forgings  on  the  supersonic  transport  which 
will  not  be  subjected  to  very  high  temperatures,  and  because  it  appeared  that  a 
change  in  alloying  elements  could  overcome  the  instability,  this  alloy  was  selected. 
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Maraging  250  proved  to  be  among  the  four  toughest  alloys  in  the  center  notch 
specimens  with  a  drop  to  fifth  in  the  round  notched  specimens.  It  was  selected 
for  further  study  because  it  also  had  the  highest  strength  of  any  of  the  alloys. 


In  summary,  the  9Ni-4Co,  Maraging  250,  Inco  718  and  Ti  6A1-4V  were  selected 
for  further  study.  Actually  five  alloys  rather  than  four  alloys  appeared  promis¬ 
ing,  the  fifth  alloy  being  Ti  6A1-2V-Sn  in  the  annealed  condition. 


212 


"W  ,nr  w  w  m  .  m  j*  .  ./•  m 


,  S.  • 


■\  ^.V, 


S 


,s 


K q/ p  —  ksi  ^  in/lb/in 


FIG.  152  3/8  INCH  T^'CK  PLATE  Kq-DENSITY  RATIO  COMPARISON 
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FIG.  153  1  INCH  THICK  PLATE  Kc  COMPARISON 
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TABLE  37  ALLOY  RATING  CHART  BY  TOUGHNESS  AND  TOUGHNESS  DENSITY  RATIO 
(A)  RATED  BY  TOUGHNESS,  Kc  AND  K)c  AT  VARIOUS  TEST  TEMPERATURES* 


TEST  TEMP. 


TOP  FOUR 
ALLOYS 
RATINGS 


SPECIMEN 

TYPE 


3/16  INCH  THICK 
PANELS 


3/8  INCH  THICK  1 
PANELS  1 


1  INCH  THICK  1 
PANELS  ' 


ROUND  NOTCH 
SPECIMENS 


-no 

RT 

400 

650 

9  Ni-4Co 

PH  13-8  Mo 

MARAGING  250 

9  Ni_4Co 

MARAGING  250 

MARAGING  250 

PH  13-8  Mo 

MARAGING  250 

INCO  718 

9  NI-4Co 

AM  355 

INCO  718 

Tl  6AI— 6V -2Sn  ANN 

4340 

9  Ni-4Co 

4340 

INCO  718 

9  Ni-4Co 

9  Nl-4Co 

9  Ni-4Co 

MARAGING  250 

INCO  718 

MARAGING  250 

MARAGING  250 

Ti 6AI-4V 

MARAGING  250 

AM  355 

AM  355 

9  Ni-4Co 

Ti  6AI-6V-2Sn  ANN 

PH  13-8  Mo 

PH  13-8  Mo 

INCO  718 

INCO  718 

AM  355 

9  Ni-4Co 

MARAGING  2S0 

MARAGING  250 

PH  13-8  Mo 

MARAGING  250 

Tl  6AI-4V 

9  Ni-4Co 

INCO  718 

INCO  718 

9  Nl-4Co 

4340 

Ti  6AI-4V 

PH  13-8  Mo 

INCO  718 

INCO  718 

INCO  718 

9  Ni-4Co 

9  Ni-4Co 

9  Ni-4Co 

PH  1  3-8  Mo 

INCO  718 

4340 

PH  13-8  Mo 

9  Ni-4Co 

Ti  6AI-4V 

AM  355 

4340 

Ti  6AI-4V 

PH  13-8  Mo 

(B)  RATED  BY  TOUGHNESS-DENSITY  RATIOS,  KQ/fj  AND  K,c/^  AT  VARIOUS  TEST  TEMPERATURES* 


TEST  TEMP. 


SPECIMEN 

TYPE 


3/16  INCH  THICK 
PANELS 


3/8  INCH  THICK 
PANELS 


1  INCH  THICK 
PANELS 


ROUND  NOTCH 
SPECIMENS 


TOP  FOUR 
ALLOYS 
RATINGS 


-110 

RT 

400 

65G 

Ti  6AI-6V-2Sn  ANN 

Ti  6AI— 6V-2Sn  ANN 

Ti  6AI-4V 

Ti  6AI-6V _2Sn  STA 

9  Ni_4Co 

Ti  6AI-4V 

Ti  6AI-6V-2Sn  ANN 

9  Ni_4Co 

Ti  6AI-4V 

PH  13-8  Mo 

PH  13-8  Mo 

Ti  6AI-4V 

MARAGING  250 

9  Ni-4Co 

MARAGING  250 

Ti  6  Al -6V  — 2Sn  ANN 

INCO  718 

Ti  6AI-6V-2Sn  ANN 

Tl  6AI-4V 

9  Ni-4Co 

Tl  6AI-4V 

9  Ni-4Co 

Ti  6AI  -6V -2Sn  ANN 

Ti  6AI-4V 

Tl  6AI  -6V— 2Sn  ANN 

Ti  6A1-4V 

9  Ni-4Co 

Ti  6AI-6V-2Sn  STA 

MARAGING  250 

INCO  718 

AM  355 

Ti  6A 1— oV  — 2Sn  ANN 

INCO  718 

INCO  718 

Ti  6AI-4V 

Ti  6AI-4V 

Ti  6AI-4V 

Ti  6A1-4V 

Ti  6AI-6V-2Sn  ANN 

Ti  6AI-6V -2Sn  ANN 

MARAGING  2  50 

Tl  6A!-6V-2Sn  ANN 

PH  13-8  Mo 

Ti  6AI-6V _2Sn  STA 

9  Ni-4Co 

9  Ni-4Co 

AM  355 

9  Ni-4Co 

INCO  718 

9  Ni-4Co 

Ti  6AI-4V 

Ti  6AI-4V 

9  Ni-4Co 

INCO  718 

Ti  6AI-6V-2Sn  ANN 

9  N  i  -  4C  o 

Ti  6AI -6V_2Sn  ANN 

Ti  6AI-6V-2Sn  ANN 

Ti  6AI-6V_2Sn STA 

Ti  6AI-6V— 2 Sn  ANN 

Ti  6AI-4V 

PH  13-8  Mo 

INCO  718 

Ti  6AI-6V— 2Sn  STA 

‘AVERAGE  OF  TEST  VALUES 
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SECTION  12  ROUND  NOTCHED  SPECIMEN  EXPOSURE  TESTING 


In  Section  10  the  preliminary  evaluation  was  made  on  all  eight  alloys  by  means 
of  preoracked  Charpy  specimens.  Although  these  specimens  are  very  sensitive 
to  variations  in  the  metallurgical  structure  of  an  alloy,  the  resulting  data  are 
not  valid  plane-strain  critical-stress  intensities.  Therefore,  a  second  exposure 
test  was  run  on  the  four  most  promising  alloys  using  the  1-1/8  inch  round 
notched  tensile  specimens.  The  transverse  direction  of  the  forged  blocks  was 
investigated  to  ensure  that  minimum  properties  would  be  obtained.  Exposed 
specimens  could  then  be  compared  with  the  transverse  round  notched  specimens 
from  Section  8.  Exposure  conditions  for  the  notched  rounds  were  only  those 
which  the  precracked  Charpy  data  indicated  as  most  severe.  This  was  generally 
1000  hours  at  650°F  under  stress. 

The  exposure  test  procedure  was  outlined  in  Section  10.  Fabrication,  fatipve 
cracking  and  fracture  testing  wtre  similar  to  those  used  on  specimens  in  Sec¬ 
tion  8  so  that  the  only  variable  would  be  metallurgical  stability. 

Material  for  tensile  specimens  was  exposed  under  the  same  conditions  to  deter¬ 
mine  if  tensile  properties  were  affected  to  the  same  extent  as  fracture  proper¬ 
ties.  After  exposure,  the  material  was  fabricated  into  tensile  specimens 
identical  to  those  in  the  heat  treat  study  (Section  6). 

RESULTS  AND  DISCUSSION 

Exposure  data  for  the  notched  round  specimens  are  listed  in  Table  38  and  were 
plotted  against  fracture  test  temperature  in  Figs.  159  through  162.  Transverse 
round  notched  specimen  data  curves  from  Section  8  are  included  in  the  figures 
for  a  before  and  after  exposure  comparison.  Ultimate  tensile  strengths  from 
exposed  smooth  tensile  specimens  on  Table  39  are  also  shown  on  Figs.  159 
through  162  in  order  to  illustrate  how  tensile  strength  changes  affect  fracture 
toughness  changes.  The  results  on  each  alloy  are  discussed  separately. 

9  Ni-4Co 

Precracked  Charpy  specimen  data  (Figure  137)  for  this  alloy  indicated  a  large 
change  after  1000  hours  exposure  at  both  400  and  650°F;  It  was  considered  that 
although  the  stability  of  9  Ni-4Co  should  be  further  investigated  because  of  its 
high  toughness,  650°F  exposure  service  was  probably  not  realistic  for  this  alloy. 

It  was,  therefore,  decided  to  determine  the  extent  of  instability  at  400°F  under 
a  stress  of  40  ksi. 

The  effect  of  these  exposure  conditions  on  both  the  plane  strain  fracture  toughness 
and  tensile  strength  properties  is  shown  in  Figure  159.  The  increase  in  toughness 
which  was  so  evident  when  testing  precracked  Charpy  specimens  has  disappeared 
in  the  round  notched  specimen  data.  Only  in  room  temperature  Kic  values  was 
the  increase  found.  Both  the  exposed  and  unexposed  specimen  tests  resulted  in 
high  net  stress  to  yield  strength  ratios  except  at  -110°  F.  The  relative  toughness 
of  the  exposed  and  unexposed  specimens  varied  very  little  over  the  range  of  test 
temperatures.  Tensile  properties  plotted  in  Fig.  159  show  a  very  slight 
decrease  after  exposure  which  is  within  the  extent  of  scatter.  The  slight  change 


in  ultimate  tensile  strength  also  indicates  the  alloy  is  more  stable  than  the  pre¬ 
cracked  Charpy  values  revealed. 

MA RAGING  250 

This  alloy  showed  a  slight  increase  in  ultimate  tensile  strength  with  a  significant 
decrease  in  Kic  values  (Fig.  160)  after  exposure  at  650° F  under  40  ksi  stress. 
In  this  case  testing  of  the  precracked  Charpy  specimen  did  predict  the  loss  of 
toughness  (Fig.  139). 

INCO  718 

The  precracked  Charpy  exposure  curves  for  this  alloy  showed  considerable  scat¬ 
ter  with  the  stressed  exposure  specimens  indicating  an  increase  in  toughness 
and  the  unstressed  exposure  indicating  a  decrease.  As  stated  previously,  a 
higher  solution-annealing  temperature  was  used  on  this  alloy  in  an  attempt  to 
take  all  the  precipitates  into  solution.  The  electron  fractographs  (Fig.  93) 
showed  large  indications  of  second  phase.  It  was  felt  that  this  accounted  for  the 
scatter  in  impact.  The  K^c  values  from  the  exposed  round  notched  specimen 
(Fig.  161)  show  the  same  type  of  scatter.  Both  the  toughness  and  strength 
exposure  properties  show  a  small  increase  at  some  test  temperatures  but  not  at 
others.  Therefore,  the  increase  in  fracture  toughness  is  not  considered  signi¬ 
ficant. 

Ti  6A1-4V 

A  small  increase  in  K^q  values  from  round  notched  specimens  exposed  at  650°  F 
is  seen  mainly  during  higher  temperature  testing  (Fig.  162).  These  results  are 
consistent  with  precracked  Charpy  testing.  There  appears  to  be  no  change  in 
tensile  properties  during  exposure. 


TABLE  38  EXPOSURE  ROUND  NOTCH  TENSILE  DATA 


T 


X  ►" 
-  H-  HI 

!^o 

>-  QZ  ° 
m  04 


to 

m 

to 

o 

o 

m 

m 

O' 

m 

o 

o 

04 

04 

CO 

>o 

o 

OJ 

04 

o 

O' 

CO 

co 

CO 

00 

co 

n 

n 

n 

'O 

hi 

hi 

O 

o 

O' 

o 

m 

ON 

co 

CO 

Ol 

•— 

n 

m 

o 

*o 

n 

n 

n 

n 

04 

o 

00 

CO 

Os 

Os 

m 

n 

n 

m 

Os 

O' 

(N 

CM 

04 

04 

CM 

04 

04 

O  CO  00  04  CO  ro 

•  •  •  •  •  • 

>«r  o  o 

O'  O'  O  CO  »-  >— 


O'  hs  00  *—  CM  CO 

N  00  ^  r-‘  s  in 

W  ifl  V>  »  00  N 


o  m  o  hs  to  <N 

04  CO  CO  O'  <>  O 

•—  O  O'  o*  oo  *o 


CO  O  S  O  (N 

.  • 

o  O  »0  p-  o. 

CO  CO  "rf  Os  N  04 


3E 

3a 

s< 

VI 

Q. 

5° 

li 

<~‘ 

3E 

a 

UJ 

ill  LU  -C 

z*  g 


o  « 
UJ  j: 

<  ^  c 
- 

o 


O 

o 

O 

o 

O 

o 

o 

o 

tn 

CO 

o 

o 

04 

o 

O 

tn 

m 

r>. 

M> 

O 

tn 

CO 

CO 

* 

04 

n 

co 

m 

O' 

CM 

*o 

00 

M5 

CO 

n 

o! 

ON 

O 

CO 

Mr 

CO 

co 

n 

co 

O' 

fs. 

tn 

n 

CM 

CM 

o 

CO 

Os 

Os 

O' 

r>s 

'O 

M3 

04 

04 

04 

04 

04 

r-" 

CO 

to 

O 

to 

04 

o 

m 

n 

Os 

m 

o 

o 

CO 

o 

m 

sO 

tn 

CM 

n 

n 

n 

m 

o. 

o 

n 

m 

Os 

00 

00 

Os 

CM 

*o 

o. 

O' 

n 

tn 

hs 

*o 

■*0 

'O 

tn 

M5 

o 

tn 

m 

m 

tn 

m 

m 

n 

n 

sO 

m 

co 

'O 

o 

sO 

”0 

M> 

* 

* 

co 

00 

co 

o 

m 

CO 

in 

o 

o 

co 

co 

m 

CO 

o 

o 

o 

00 

CO 

M> 

m 

co 

o 

00 

o 

n 

co 

in 

tn 

Os* 

tn 

m 

04 

04 

<j 

s6 

o 

m 

fs. 

tn 

00 

p- 

o 

o 

cm 

a* 

04 

04 

.  o 

in 

00 

O' 

Os 

o 

o 

00 

O 

O' 

CO 

Tf 

co 

•O’ 

o 

04 

CO 

o 

c*. 

00 

'O 

co 

m 

n 

o 

in 

O' 

o 

in 

CM 

o 

00 

m 

o 

o 

o 

o 

© 

n 

sO 

o 

sO 

CM 

O' 

co 

m 

Os 

o 

o 

o 

O' 

00 

CO 

oo 

oo 

O' 

00 

o» 

Os 

hs 

•o 

SO 

r> 

Os 

00 

00 

a> 

'O 

o 

O' 

MD 

o 

*o 

n 

CO 

co 

Os 

CM 

00 

O' 

hs 

00 

n 

O' 

CO 

o 

tn 

00 

o 

co 

to 

n 

CO 

n 

CO 

n 

m 

tn 

U) 

n 

m 

n 

n 

n 

n 

n 

tn 

m 

m 

in 

O’ 

•O 

m 

00 

00 

00 

00 

CO 

oo 

00 

co 

00 

°o 

00 

oo 

00 

00 

°o 

oo 

CO 

00 

co 

00 

CO 

CO 

00 

co 

n 

to 

OJ 

O' 

o 

in 

co 

CO 

o 

O' 

o 

co 

CM 

O' 

CM 

CO 

04 

04 

CM 

r” 

04 

04 

CM 

04 

04 

CM 

CM 

04 

04 

04 

CM 

CM 

CM 

CM 

CM 

m 

Q 

-J 

UJ 

CL 

u 

> 

o 

CO 

o 

CO 

•o 

tn 

O 

to 

H 

UJ 

o 

K 

CM 

1- 

*— 

m 

UJ 

O 

H 

Z 

*< 

3 

a 

u 

o 

>- 

z 

z  s  <  ii  > 

<  »-  2E  ^  U 

q:  < 

H  U. 


n  10  N 
^  ^  ro 

I  ■”  ■” 

-  CQ  CO 

z  U  u 

O' 


CO  O'  O  r.  —  'Or'-OOOor-X 

co  co  ^  ^  ococo  n  co  Tf  n  n 

Cfl  tfl  tfl  £0  Of  QQ  QQqD,) 

uuuu  <UUUUo^z 


'ONOOO'Oi- 

cocococonn; 

LU  UJ  UJ  UJ  LU  UJ 

u  u  u  u  u  u 


O.  CO  O' 

co  co  co 

U.  U.  U. 
U  U  U 


< 

OZ 

O  >* 

<  to 
O  o 

-*  UJ 

H  Q 

^  Z 

ui  UJ 

I—  3E  v) 

MJ  I  « 

5  O  !“ 

S  U  Z 

0  s ! 

t-.l 

*  —  h- 

U  UJ  u 

<  x  < 

a  u.  o: 

u  LL 

UJ 

uj  >  z 
3  o  o 
2  5  uj 

J-  <  UJ 

<  UJ  H 
U.  q;  h 

O  ■<  S 
Z  Ui  2 
ZOO 
§  p  U 

Q  <  3E 

a  H 

D  to 

UJ  UJ  < 

I  ** 

—  UJ  UJ 

<  X  X 

U.  H  |- 

*  * 


%  m 


ffiKfiBS i 


.  ..m  m  •  • 

V  ^TV*V rVr^TV'V  s.,’»Crl 


S’  "KM  71 M  TOTTOI  AX  WinUJW'WTr-rJ  if  TTY  FT  TT  W  -*V  *.'  W-  V\.  vr  tf-.W  iv\  V* 


TABLE  39  EXPOSURE  TENSILE  DATA 


ALLOY 

EXPOSURE 

TEMP 

°f 

EXPOSURE 

STRESS 

ksl 

TEST 

TEMP 

°l 

ULTIMATE 

STRENGTH 

ksl 

.2%  YIELD 
STRENGTH 
ksl 

ELONG 

1  inch 
percent 

R.A. 

percent 

9Nl-4Co 

400 

40 

RT 

207.4 

203.2 

15 

59 

400 

40 

RT 

207.0 

203.0 

15 

60 

400 

40 

RT 

206.1 

203.0 

15 

60 

650 

40 

RT 

189.3 

182.9 

17 

61 

650 

40 

RT 

188.3 

183.9 

16 

60 

650 

40 

RT 

188.6 

184.3 

17 

61 

400 

40 

-110 

220.4 

213.3 

14 

58 

400 

40 

-110 

220.4 

214.7 

15 

59 

400 

40 

RT 

205.3 

198.7 

14 

59 

400 

40 

RT 

204.1 

14 

60 

400 

40 

400 

203.6 

175.1 

19 

69 

400 

40 

400 

203.7 

173.8 

18 

68 

400 

40 

650 

159.0 

140.5 

21 

83 

400 

40 

650 

162.0 

139.7 

21 

82 

MARAGING  250 

650 

40 

-no 

256.4 

244.5 

9 

36 

650 

40 

-110 

255.8 

10 

38 

650 

40 

RT 

235.1 

224.9 

10 

39 

650 

40 

400 

217.1 

206.5 

11 

44 

650 

40 

650 

201.0 

187.6 

11 

48 

650 

40 

650 

203.2 

186.3 

11 

48 

INCO  718 

650 

40 

-110 

199.1 

1  70.9 

16 

26 

650 

40 

-no 

208.1 

169.4 

20 

24 

650 

40 

RT 

186.5 

159.1 

15 

23 

650 

40 

400 

173.0 

146.8 

11 

15 

650 

40 

650 

167.4 

145.4 

17 

26 

650 

40 

650 

167.7 

144.8 

16 

24 

Ti6AI-4V 

650 

25 

-no 

190.2 

178.1 

12 

35 

650 

25 

-110 

190.1 

179.0 

10 

33 

650 

25 

RT 

165.7 

152.9 

13 

47 

650 

25 

400 

131.3 

111.2 

17 

63 

650 

25 

650 

1  17.3 

93.4 

16 

62 

650 

25 

650 

117.1 

94.5 

16 

66 
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A.  TOUGHNESS  PROPERTIES  -  1  1/8  INCH  DIA  ROUND  NOTCH  SPECIMENS 
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FIG,  162  EFFECTS  OF  1000  HOUR  STRESS  AND  TEMPERATURE  ON  PROPERTIES 
FOR  Ti  6AI-4V 
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SECTION  13  ENVIRONMENTAL  TESTING 

An  understanding  of  the  effect  of  a  corrosive  environment  on  a  crack  under  sus¬ 
tained  load  in  each  of  the  four  most  promising  alloys  was  desired.  The  corro¬ 
sive  environment  used  for  this  test  was  distilled  water  at  both  room  tempera¬ 
ture  and  200°F.  Specimens  used  for  this  test  were  fatigue -cracked  round  notch 
specimens  identical  to  those  used  in  the  exposure  and  high  load  rate  tests.  Spe¬ 
cimens  were  fabricated  from  the  transverse  direction  of  the  forged  blocks  as 

*  indicated  in  Figs.  8  and  11.  It  was  felt  that  the  transverse  direction  would  be 

more  sensitive  to  corrosive  action  and  would,  therefore,  reveal  the  minimum 
resistance  times. 

TEST  PROCEDURE 

The  four  most  promising  alloys  involved  in  this  test  are  nominally  resistant  to 
stress  corrosion  cracking  and  hydrogen  embrittlement.  In  addition,  increasing 
the  toughness  as  occurred  in  these  alloys  results  in  increasing  resistance  to 
these  embrittling  mechanisms  (Ref.  29).  Therefore,  in  an  attempt  to  cause 
failure  to  occur  within  100  hours,  the  first  specimen  from  each  alloy  was  loaded 
to  approximately  80  percent  of  the  values  determined  from  the  round  notch 
testing  of  Section  6.  For  the  200°F  specimens  the  value  was  obtained  from 
the  transverse  round  notch  curve  at  that  temperature. 

If  the  specimens,  loaded  to  80  percent  of  survived  100  hours  it  was  pulled 
to  failure,  still  in  the  same  environment,  and  the  load  was  measured.  The 
next  specimen  was  loaded  to  a  higher  percentage  until  a  curve  of  sustained  load 
versus  time  to  failure  was  obtained. 

The  specimens  were  fatigue  cracked  as  described  in  the  1-1/8  inch  round  notch 
fatigue  test  procedure.  All  specimens  for  a  given  alloy  were  fatigue  cracked 
the  same  number  of  cycles  in  order  to  produce,  as  close  as  possible,  the  same 
crack  depth  from  specimen  to  specimen  in  order  to  accurately  predict  the  per¬ 
cent  Kic  sustained  load.  However,  differences  in  crack  depth  and  normal  scatter 
of  data  caused  some  of  the  specimens  to  fail  during  loading  under  loads  at  which 
they  would  be  predicted  to  last  for  many  hours.  Predicting  the  correct  loads  to 
produce  a  good  curve  was  therefore  difficult.  The  problem  was  amplified  by  the 
fact  that  the  alloys  were  so  resistant  to  failing  within  100  hours  that  loading  to  a 
high  percentage  of  was  often  necessary. 

,  Sustained  loads  were  applied  to  the  specimens  using  three  vertical  test  jigs  with 

hydraulic  ram-accumulator  load  systems.  Each  specimen  was  connected  in 
series  with  the  ram  through  universal  pin  joints  and  threaded  connectors.  Long¬ 
time  loads,  up  to  100  hours,  were  easily  maintained  using  a  hydraulic  accumula¬ 
tor  in  the  ram  pressure  line. 

Room  temperature  specimens  were  immersed  in  distilled  water  filled  polyethy¬ 
lene  beakers.  Holes  1-1/8  inch  in  diameter  were  drilled  in  150  ml  polyethylene 
beakers  and  sealed  to  the  specimen  just  above  the  bottom  load  fitting.  To  en¬ 
sure  a  constant  oxygen  supply,  water-cleaned  air  was  bubbled  through  the  dis¬ 
tilled  water  during  the  test. 
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A  large  cylindrical  polyethylene  container  was  used  for  the  distilled  water  in  the  |j 

200°F  test.  To  ensure  a  constant  200°F  temperature,  the  load  fittings  and  spe-  J 

cimens  were  immersed  in  a  large  volume  of  water  (Fig.163).  This  procedure  j 

overcame  heat  loss  through  the  loading  frame.  The  container  was  sealed  between  l 

the  bottom  load  fitting  and  clevis  connector  with  a  neoprene  rubber  gasket.  r 

Each  load  fitting  was  phosphate  and  teflon  coated  so  that  only  the  specimen  would  D 

react  with  the  water.  G’yptal  was  used  to  seal  the  specimen  fitting  thread  area  ,  E 

from  the  water.  The  water  temperature  was  maintained  at  202  ±  3°F  using  glass  { 

immersion  heaters.  The  water  level  was  maintained  with  a  reflux  condenser. 

Water-cleaned  air  was  bubbled  through  the  water  continuously  to  replenish  the 

oxygen  supply.  All  loads  were  measured  using  calibrated  load  cells  in  series  S 

with  the  specimen.  | 

EXPERIMENTAL  RESULTS  I 

f 

After  testing,  specimen  fracture  faces  were  examined  under  a  low  power  micro¬ 
scope.  Both  the  fatigue  crack  diameter  and  any  evidence  of  slow  growth  were  ! 

measured  with  a  filar  eyepiece  and  the  results  are  listed  in  Tables  40  through  [ 

43.  Slow  crack  growth  was  included  for  specimens  which  failed  on  loading  as  j 

well  as  those  that  failed  during  sustained  loading.  The  specimens  which  failed 
during  sustained  loading  generally  exhibited  a  discolored  ring  inside  the  fatigue  ! 

crack.  However,  faint  growth  rings  could  also  be  seen  on  some  of  the  speci-  ; 

mens  which  failed  on  loading,  particularly  at  the  200°F  testing  temperature.  1 

The  final  loading  condition  was  approached  very  slowly  in  order  not  to  over¬ 
shoot,  therefore,  all  the  specimens  had  a  small  amount  of  time  to  react  with  ; 

the  water.  K1C  values  were  calculated  from  both  diameters  and  are  listed  in  i 

the  Tables  as  initial  and  final  K^q.  In  the  applied  stress  column  of  the  Table  the  i 

percent  of  was  based  on  values  taken  from  the  transverse  curves  of  Section 

8.  ; 

In  those  cases  where  the  specimens  sustained  100  hours  under  load  without 

failing,  the  maximum  loads  are  listed  both  for  sustained  load  and  the  final  load  I 

to  cause  failure. 

The  net  stress  to  yield  strength  ratio  was  also  included  in  the  Tables  to  aid  in 
analyzing  the  data.  The  net  stress  used  in  the  ratio  was  the  final  net  stress 
which  was  higher  and  therefore  resulted  in  a  slightly  higher  ratio. 

Stresses  applied  to  the  specimens  during  the  sustained  loading  are  plotted 
against  time  to  failure  in  Figs.  164  through  167.  Both  room  temperature  and 
200°F  data  are  included  in  the  same  figures  for  comparison. 

DISCUSSION 

Scatter  bands  for  the  data  appear  rather  flat  even  for  the  9  Ni-4Co  and  Marag- 
ing  250  steels.  This  fact  caused  considerable  trouble  in  predicting  stresses  to 
cause  failure  within  100  hours  without  having  the  specimen  fail  on  loading. 

Figs.  164  through  167  reveal  a  number  of  the  specimens  did  fail  on  loading  at 
low  percentages  of  the  dry  strength  K^o  However,  it  has  been  reported  (Ref.  29) 
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that  liquid  environments  can  cause  a  lowering  of  notch  tensile  strength  in  ] 

high  strength  steels  during  relatively  slow  strain  rate  tensile  tests.  Similarly,  j 

the  strain  rate  of  these  specimens  was  slow.  Specimens  were  loaded  slowly  up  . 

to  the  sustaining  load  in  order  to  avoid  possible  overloading.  It  is  therefore  j 

probable  that  the  liquid  environment  did  affect  even  those  specimens  which  ap¬ 
peared  to  fail  from  overloading  alone.  Although  these  alloys  had  high  toughness, 
the  specimens  were  cut  from  the  transverse  direction  of  large  forged  blocks,  a 
condition  highly  susceptible  to  stress  corrosion. 

It  is  also  possible  that  the  mechanism  responsible  for  delayed  fracture  involved  [ 

hydrogen  embrittlement.  However,  titanium  and  high  nickel  austenitic  alloys,  | 

such  as  Inco  718,  are  not  considered  to  be  affected  by  hydrogen  at  room  temper-  *  f 

ature.  Both  these  alloys  had  delayed  failures  at  room  temperature  with  applied  \ 

stresses  as  low  as  80  percent  Kj.o 

Although  there  were  only  6-specimens  tested  at  each  temperature  per  alloy,  it 

appears  that  the  200°F  testing  temperature  was  more  detrimental  to  toughness 

than  was  room  temperature.  Inco  718  is  a  possible  exception.  Both  failure  on 

loading  and  delayed  fracture  seem  to  be  affected.  This  result  is  not  unexpected,  I 

since  a  small  increase  in  temperature  causes  a  large  change  in  chemical  activity. 


Although  there  are  not  enough  data  points  to  define  reliable  scatterbands,  it 
appears  that  delayed  failures  may  occur  at  fairly  low  stresses,  in  fatigue 
cracked  specimens  cut  from  the  transverse  grain  direction  of  large  tough  alloy 
forgings.  The  data  indicates  that  applied  stresses  as  low  as:  50  percent  of 
Kic  on  9  Ni-4Co  and  Maraging  250;  60  percent  on  Ti  6A1-4V;  and  80  percent  on 
Inco  718  will  cause  delayed  fracture  in  200°F  distilled  water  within  100  hours. 

ELECTRON  FRACTOGRAPHY 

Round  notched  environmental  specimen  fracture  faces  were  replicated  to  investi¬ 
gate  the  mode  of  failure  during  delayed  fracture.  Specimens  of  9  Ni-4Co, 
Maraging  250,  Inco  718,  and  Ti  CA1-4V  subjected  to  room  temperature  distilled 
water  until  failure, are  shown  in  Figs.  168,  169,  170,  and  171.  Replicas  were 
made  in  the  slow  growth  region  at  the  fatigue  interface  and  in  the  fast  fracture 
area  near  the  specimen  center. 

Figures  168,  169,  170,  and  171  show  that  the  sustained  stresses  were  high  in 
every  case.  In  addition,  each  of  the  alloys  had  a  high  toughness  and  resistance 
to  stress  corrosion.  Therefore,  it  was  understandable  that  very  few  areas  of 
intergranular  crack  propagation  could  be  found.  In  general,  the  topography  at 
the  fatigue  crack  interface  was  similar  to  the  rapid  crack  growth  area.  However, 
the  9  Ni-4Co  and  the  Maraging  250  showed  somewhat  less  dimples  and  more 
flat  areas  adjacent  to  the  fatigue  zone.  The  Inco  718  showed  extensive  dimples 
in  both  regions  (Fig.  170).  In  this  alloy  the  size  of  the  dimples  seems  to  be  gov¬ 
erned  by  the  size  of  the  second  phase.  The  large  inclusions  (Fig.  170D)  resulted 
in  a  high  degree  of  triaxially  which  formed  large  microvoids  and  therefore  large 
dimples. 
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NOTE:  CBJ48  Specimen  Tested  in  Distilled  Water  at  Room  Temperature  (1700x) 


m 
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FIG.  168  ELECTRON  FRACTOGRAPHS  OF  ENVIRONMENTAL  SPECIMEN  FOR  9Ni-4Co 
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(A)  CORRODED  FATIGUE  AREA 


(B)  INTERFACE  BETWEEN  FATIGUE 
AND  SLOW  GROWTH  AREA 


(C)  DIMPLED  STRUCTURE  0.01  INCHES  ( D )  DIMPLES  IN  FINAL  FAST  FRACTURE 

FROM  FATIGUE  INTERFACE  AREA 


NOTE:  Specimen  Tested  i  Distilled  Water  at  Room  Temperature  (Specimen  CD153)  (1700  x) 


FIG.  169  ELECTRON  FRACTOGRAPHS  OF  ENVIRONMENTAL  SPECIMEN  FOR  MAR  AGING  250 
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(A]  AREA  AT  THE  FATIGUE  CRACK 
INTERFACE  SHOWING  INDICATIONS 
OF  FATIGUE  MARKINGS 
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(C)  SMALL  ELONGATED  DIMPLES  IN 
FAST  FRACTURE  AREA. 
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(B)  SMALL  ELONGATED  DIMPLE  AREA 
NEAR  THE  FATIGUE  CRACK 
INTERFACE 
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(D)  LARGE  DIMPLES  IN  FAST  FRAC 
TURE  AREA 


NOTE:  Tested  in  Distilled  Water  c*  Room  Temperature  ( Specimen  CE150 )  (1700x) 

FIG. 170  ELECTRON  FRACTOGRAPHS  OF  ENVIRONMENTAL  SPECIMEN  FOR  INCO  718 
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SECTION  14  HIGH  LOAD  RATE  TESTING 

The  purpose  of  this  testing  was  to  determine  the  effect  of  high  loading  rates  on 
plane-strain  fracture  characteristics  of  the  four  most  promising  alloys.  Round 
notched  transverse  specimens  (1. 125  inch  diameter)  were  tested  at  gross  area 
stress  rates  of  10®  and  10®  psi/sec  and  test  temperatures  of  -110,  75,  400  and 
650°F.  The  results  were  compared  with  those  obtained  previously  at  normal 
tensile  test  loading  rates. 

TEST  PROCEDURE 

Specimen  fabrication,  fatigue  cracking,  and  heating  and  cooling  procedures  for 
the  high-  and  low -temperature  tests  were  the  same  as  those  used  previously 
for  the  round  notched  specimens. 

The  specimens  were  fracture  tested  at  nominal  stress  rates  of  10®  and  10® 
psi/sec  in  a  specially  constructed  test  rig.  The  test  rig  consisted  of  a  vertical 
frame  structure  with  a  10-inch  diameter  hydraulic  load  cylinder  mounted  at  the 
upper  end.  The  cylinder  ram  was  connected  to  the  specimen  in  series  and  the 
load  was  applied  to  the  specimen  through  pin  ended  adapters  threaded  on  the 
specimens.  Loading  eccentricities  were  minimized  by  maintaining  the  loading 
pins  at  right  angles  to  each  other.  The  load  was  measured  by  a  transducer  in 
line  with  the  specimen  and  was  recorded  graphically.  The  desired  load  rate 
was  programmed  into  the  electronic  control  unit  which  compared  at  every 
instant  the  actual  load  versus  the  programmed  load  and  adjusted  the  inlet  flow 
valve  to  the  cylinder  accordingly.  Figs.  i72  and  173  show  the  hydraulic  and 
electrical  systems  in  detail.  The  exact  stress  rate  was  measured  for  each 
specimen  from  the  recording  oscillograph  trace  and  is  shown  in  Table  44 .  The 
rate  for  most  of  the  specimens  was  within  10  percent  of  the  target  rates 
and  10®  psi/sec.  The  loading  linearity  is  illustrated  by  the  load  versus 
time  graph  shown  in'  Fig.  174. 

For  the  elevated-temperature  tests,  the  specimens  were  enclosed  in  a  box-like 
container  and  heated  by  introducing  heated  air.  Liquid  nitrogen  was  used  for 
the  -110°F  tests. 

TEST  RESULTS 

The  test  data  are  presented  in  Table  44.  The  loading  stress  rate  and 
toughness  value  are  listed  in  the  table  for  each  specimen.  Also  listed  is  the 
ratio  of  net  stress  to  yield  strength  based  on  the  yield  strength  at  normal 
loading  rates  (2500  psi/sec).  These  ratios  are  only  approximate  since  the  high 
loading  rates  would  probably  cause  some  change  in  yield  strength.  The  ratios 
indicate  that  many  of  the  toughness  values  reported  are  conservative. 

The  effect  of  loading  rate  change  on  the  toughness  at  the  various  test  tempera¬ 
tures  is  shown  in  Figs.  175  through  178.  The  values  in  the  figures  for  a  stress 
rate  of  2500  psi/sec  are  from  the  round  notch  specimen  testing  of  Section  8  of 
the  program.  At  test  temperatures  below  650°F,  the  alloys  show  either  no 
change  or  an  increase  in  plane  strain  fracture  toughness  with  increasing  loading 
rate.  At  the  test  temperature  of  650°F,  each  alloy  reacted  differently. 
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FIG.  173  LOAD  CONTROL  SYSTEM  OF  HIGH  LOAD  RATE  TEST  RIG 


TABLE  44  HIGH  LOAD  RATE  DATA 
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9  Ni-4Co 

This  alloy  showed  an  increase  in  toughness  with  loading  rate  except  at  650°F, 
(Fig.  175).  At  650OF,  the  alloy  showed  a  large  drop  in  toughness  with  increasing 
loading  rate  resulting  in  the  650°F  value  being  the  lowest  one  at  the  10®  psi/sec 
stress  rate.  At  the  normal  tensile  testing  stress  rate  (2. 5  x  10 3  psi/sec),  the 
650°F  value  was  the  highest. 

MARAGING  250 

At  test  temperatures  below  650°F,  the  toughness  values  did  not  vary  with  loading 
rate  (Fig.  176).  This  was  the  only  alloy  that  did  not  show  an  increase  in 
toughness  value  with  testing  rate  at  the  test  temperatures  below  650°F.  At 
650°F,  the  toughness  values  showed  a  drop  at  the  intermediate  stress  rate  of 
105  psi/sec. 

INCO  718 

At  test  temperatures  below  650°F,  the  toughness  values  increased  slightly  with 
loading  rate  (Fig.  178).  At  650°F,  the  values  did  not  change  significantly  with 
loading  rate. 

Ti  6A1-4V 


The  test  values  increased  slightly  at  all  test  temperatures  with  loading  rate 
(Fig.  178).  This  was  the  only  alloy  that  showed  an  increase  in  toughness  with 
loading  rate  at  all  test  temperatures. 


INCREASING  TIME 


FIG.  174  TYPICAL  HIGH  LOAD  RATE  LURVE 
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SECTION  15  CONCLUSIONS 

1.  Material  plane  stress  fracture  toughness  as  derived  from  center  notched 
specimens  generally  increased  with  test  temperature  and  decreased  with 
increasing  panel  thickness.  Reversal  of  these  trends  was  noted  with  Inco 
718  and  was  considered  to  be  the  effect  of  very  high  net  section  stresses 
which  tend  to  make  the  data  mere  conservative.  A  summary  of  center 
notched  specimen  values  is  presented  in  Figs.  179  and  180  for  the  3/8" 
and  1"  thick  panels.  Data  for  only  the  more  critical  testing  temperature  of 
-110°  F  is  plotted. 

2.  A  M3  55  reveals  a  definite  decrease  in  critical  stress  intensity  values  for 
both  the  center  notched  and  round  notched  specimens  tested  at  650°  F.  With 
this  alloy,  the  decrease  in  plane  stress  fracture  toughness  does  not  appear 
to  be  the  result  of  high  net  section  stresses.  Precracked  Charpy  specimen 
data  did  not  reveal  this  decrease  in  fracture  toughness. 

3.  Kic  values  derived  from  the  notched  round  specimens  indicate  a  general 
increase  with  testing  temperature.  However,  4340  and  9Ni-4Co  revealed  a 
decrease  in  Kic  between  room  temperature  and  400°  F  testing.  AM355  indi¬ 
cated  a  substantial  decrease  between  the  400°  F  and  650°  F  testing  temperature 
for  all  three  grain  directions. 

A  summary  of  the  notched  round  specimen  Kic  values,  normalized  by  den¬ 
sity  is  shown  in  Fig.  181  for  the  most  critical  testing  conditions;  transverse 
and -110°  F. 

4.  Correlation  of  Kic  values  from  round  notched,  surface  cracked,  and  center 
notched  specimens  was  in  general  best  for  4340  and  Maraging  250,  Fig.  182 
is  included  as  a  partial  illustration  of  this  correlation.  The  temperature 
used  for  this  comparison  was  determined  by  the  temperature  at  which  the 
surface  cracked  specimens  were  tested. 

5.  The  rating  order  of  Kc  and  Kic  values  for  the  alloys  varied  over  the  temper¬ 
ature  range  from  -110°  F  to  650°  F  for  various  thicknesses  of  center  notched 
panels  and  for  the  notched  round  specimens  as  indicated  in  the  Rating  Chart 
of  Table  36.  However,  four  of  the  alloys;  9Ni-4Co,  Maraging  250,  Inco  718 
and  Ti  6A1  -4V  (not  in  order  of  preference)  were  concluded  to  be  the  most 
promising  for  further  study.  Although  Ti  6Al-6V-2Sn  was  not  selected  for 
further  study,  the  fracture  toughness  of  this  alloy  in  the  annealed  condition 
was  rated  very  closely  to  the  first  four  alloys. 

6.  The  steel  alloys  yielded  the  greatest  number  of  pop-in  indications  from  the 
center  notched  specimens.  The  titanium  alloys  and  Inco  718  resulted  in 
relatively  few.  Correlation  of  plane  strain  fracture  toughness  determined 
from  the  pop- in  phenomenon  and  from  round  notched  specimens  was  only  fair 
at  best.  It  was  considered  that  the  fracture  toughness  of  the  alloys  tested 
was  too  high  to  yield  satisfactory  pop-in  indications  in  the  center- notched 
testing. 
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7.  Investigation  of  the  three  grain  directions  of  forged  blocks,  using  round 
notched  specimens,  revealed  the  greatest  variation  in  fracture  toughness  for 
stainless  steels  and  the  least  for  titanium  alloys. 

8.  Round  notched  specimens  from  the  short  transverse  grain  direction  of  for(  ad 
down  blocks  of  4340,  AM355,  and  Maraging  250  had  lower  plane  strain  frac¬ 
ture  toughness  than  the  specimens  from  the  transverse  grain  direction  of 
the  9  x  9-inch  blocks.  The  greatest  difference  in  Kj.c  values  at  room  tem¬ 
perature  due  to  forging  from  9-inch  dovn  to  3-inch  was  a  decrease  of  10  ksi 
yin.  for  Maraging  250. 

9.  The  test  data  indicate  the  critical  stress  intensity  equation  for  surface 
cracks  is  only  valid  for  gross  area  fracture  stresses  up  to  about  90  percent 
of  the  yield  strength.  At  higher  fracture  stresses,  general  plastic  yielding 
occurs  and  the  apparent  toughness  values  fall  below  the  true  value. 

10.  The  predicted  fracture  stresses  for  the  surface  cracked  specimens,  based 
on  round  notched  specimen  Kic  values,  ranged  from  28  percent  above  to  39 
percent  below  the  actual  stresses.  The  relationship  between  the  actual  and 
predicted  fracture  stresses  was  a  function  cl  the  alloy  toughness  level.  By 
converting  the  round  bar  toughness  vaiue  for  each  alloy  (by  the  conversion 
curve  of  Fig.  131)  to  an  equivalent  surface  cracked  specimen  toughness 
value,  the  predicted  stresses  based  on  the  corrected  value  would  all  be  with¬ 
in  10  percent  of  actual  stresses. 

11.  Exposure  testing  of  notched  round  specimens  for  1000  hours  at  650°  F  under 
stress,  revealed  significant  instability  in  only  the  Maraging  250  specimens. 
Kic  values  were  decreased  an  average  of  16  percent  for  the  Maraging  250 
and  increased  an  average  of  6  percent  for  the  Inco  718  when  stressed  to  40 
ksi.  The  Ti  6A1-4V  specimens  stressed  to  25  ksi  were  increased  only  an 
average  of  5  percent  of  Kic. 

The  9Ni-4Co  was  exposed  at  the  lower  temperature  of  400°F  and  at  a  stress 
level  of  40  ksi  which  caused  an  average  increase  of  less  than  one  percent  in 
K1C  values. 

12.  Environmental  testing  of  transverse  notched  round  specimens  in  distilled 
water  at  room  temperature  and  200°  F  caused  delayed  fracture  to  occur  in 
each  of  the  four  most  promising  alloys  within  100  hours.  Sustained  loading 
in  room  temperature  distilled  water  caused  delayed  fracture  stress  intensity 
values  as  low  as  78  percent  of  the  dry  test  values  for  9Ni-4Co,  65  per¬ 
cent  for  Maraging  250,  78  percent  for  Inco  718  and  82  percent  for  Ti  6A1-4V. 

Raising  the  distilled  water  temperature  tc  200°  F  lowered  the  delayed  frac¬ 
ture  stress  intensity  values  to  48  percent  of  Kic  for  9Ni-4Co,  48  percent 
for  Maraging  250,  77  percent  for  Inco  718  and  6*L  percent  fcr  Ti  6A1-4V. 

13.  Increasing  the  rate  of  loading  from  2.5  x  103  psi/sec  to  106  psi/sec  for 
notched  round  specimens  tested  at  room  temperature  increased  the  room 
temperature  Kic  values  for  9Ni-4Co  19  percent,  decreased  the  Maraging 

250  values  2  percent,  increased  the  Inco  718  values  11  percent,  and  increased 
the  Ti  6A1-4V  values  20  percent. 
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SECTION  16  RECOMMENDATIONS 


!*  The  effect  of  chemistry  variations  on  fracture  toughness  characteristics 
was  not  investigated  in  this  program,  except  to  a  limited  extent  with 
9  Ni-4Co.  This  chemistry  variable  has  a  large  effect  on  fracture  tough¬ 
ness;  therefore,  it  is  recommended  that  further  work  be  conducted  on 
selected  alloys  using  several  different  heats.  It  would  also  be  advisable 
to  investigate  some  of  the  alloying  variations  such  as  the  modified 
9  Ni-4Co  included  in  this  program. 

2.  For  design,  the  compromise  between  strength  and  toughness  will  require 
fracture  toughness  characteristics  to  be  known  over  a  range  of  strength 
levels.  Future  work  should,  therefore,  include  fracture  testing  at  a 
number  of  strength  levels  to  obtain  a  strength  versus  Kic  curve. 

3.  In  this  program,  crack  growth  data  was  not  obtained  because  of  lime 
limitations.  However,  in  future  work  with  center-notched  specimens, 
crack  growth  should  be  one  of  the  main  considerations.  More  over,  these 
measurements  should  be  made  on  specimens  from  the  three  grain  direc¬ 
tions  of  forgings . 

4.  Environmental  testing  should  be  more  fully  explored  with  other  possible 
service  environments  that  the  supersonic  transport  may  encounter. 
Sustained  loading  should  be  continued  out  to  at  least  1000  hours  to  more 
fully  develop  the  stress  level  versus  time-to-failure  curve. 

5.  Since  most  alloys  showed  some  instability  under  stress  and  heat  exposure, 
farther  work  is  necessary  on  this  problem.  A  study  with  other  stresses 
and  temperatures  with  considerably  longer  times  is  required.  A  better 
understanding  of  the  phenomenon  affecting  the  metallurigcal  stability  of 
each  alloy  should  be  attempted. 

6.  The  data  from  this  program  has  shown  apparent  variations  in  plane  strain 
fracture  toughness  among  the  different  specimen  geometries.  Theoreti¬ 
cally  these  differences  should  not  occur,  therefore  further  work  remains 

in  analyzing  the  relationship  between  fracture  characteristics  of  the  various 
specimen  geometries. 

7.  The  alloys  most  useful  in  structural  applications  present  the  greatest 
problem  in  testing.  The  large  specimen  size  imposed  by  the  high  fracture 
toughness  of  the  most  useful  alloys  may  not  be  practical.  Therefore, 
further  analysis  is  required  to  determine  more  useful  plane  strain  fracture 
toughness  data  in  cases  of  plastic  yielding. 
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